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Figure  1. — Oscilloscope  pattern  of  speed,  axle-spacing,  and  axle-weight,  with 

calibrated  scales. 


Reported  by  O.  K.  NORMANN,  Chief,  Traffic  Operations  Section, 
and  R.  C.  Hopkins,  Electrical  Engineer 


Comprehensive  information  on  the  gross  iveights,  speeds,  axle  weights, 
and  axle  spacings  of  trucks  traveling  the  Nation's  highways  is  an  important 
part  of  the  vast  body  of  knowledge  necessary  for  the  understanding  and  solu- 
tion of  our  transportation  problems.  In  the  use  of  existing  means  of  obtain- 
ing such  data,  involving  portable  loadometers  and  pit  scales  manned  by  rela- 
tively large  crews,  trucks  must  be  stopped,  and  usually  only  a  sample  of  the  total 
traffic  can  be  tceighed  and  measured. 

This  article  describes  the  development  of  an  electronic  weighing  device 
ivhich  can  measure  axle  iveights,  axle  spacings,  and  speeds  of  vehicles  moving 
at  their  normal  operating  speeds  along  the  highway.  The  device  consists  of  a 
narrow,  free  platform  built  in  the  surface  of  a  traffic  lane  and  supported  by 
load  cells  containing  columns  to  which  are  affixed  groups  of  wire  strain  gages. 
The  weight  applied  to  the  platform  by  a  vehicle  passing  over  it  produces 
changes  in  the  electrical  currents  flowing  through  the  strain  gages,  and  these 
changes,  through  electronic  equipment,  are  reproduced  as  a  pattern  of  light  on 
an  oscilloscope  where  they  are  photographed  for  record  purposes. 

A  road  detector  tube,  placed  on  the  pavement  at  a  predetermined  dis- 
tance in  front  of  the  platform,  serves  as  a  timing  trigger  for  the  sweep  of  the 
light  spot  across  the  oscilloscope,  and  from  the  recorded  pattern  not  only  axle 
weights   but   also   axle  spacings   and   the  speed  of  the  vehicle  can  be  determined. 

While  the  basic  theory  involved  in  the  operation  of  this  device  is  not  unduly 
complicated,  the  experimentation  and  development  work  were  beset  ivith  many 
electronic  and  structural  problems.  Many  of  these  have  been  solved;  others 
have  been  overcome  in  principle  but  are  yet  to  be  effected  in  practice. 

For  static  weighing,  the  electronic  scale  is  as  accurate  as  the  conventional 
lever-system  pit  scale.  For  highway-planning  purposes,  the  electronic  scale  in 
its  present  stage  of  development  is  suitable  for  determining  the  frequency  of 
different  axle  and  truck  weights,  axle  spacings,  and  speeds  of  vehicles  tvithout 
interfering  with  their  normal  operation.  For  enforcement  pvrposes,  through 
the  use  of  an  electronic  scale  of  this  type  it  is  possible  to  cull  out  trucks  with 
axle  weights  or  total  weights  approaching  or  exceeding  legal  weight  limitations. 

There  is  good  prospect  that  the  electronic  scale  will  be  so  improved  that 
its  accuracy  in  weighing  vehicles  in  motion  will  approach  still  more  closely  the 
accuracy  already  attained  in  static  weighing.  It  is  also  probable  that  simpler 
and  less  costly  electronic  equipment  can  be  designed,  and  an  oscillograph  may 
prove  an  adequate  substitute  for  the  oscilloscope  and  recording  camera. 


KNOWLEDGE  regarding  the  weights  of 
trucks  traveling  over  the  Nation's  high- 
ways is  a  prerequisite  to  a  thorough  un- 
derstanding of  our  national  transportation 
problems.  Trucks  are  weighed  to  obtain 
information  on  the  tonnage  of  freight  car- 
ried by  the  several  vehicle  types  on  the  var- 
ious highway  systems,  to  determine  the 
magnitude  and  frequency  of  axle  loads  for 
highway  design  purposes,  and  to  enforce 
license,  tax,  and  load-limit  laws. 

At  present,  weighing  trucks  for  highway 
planning  and  design  purposes  generally  in- 
volves some  sampling  process.  The  most 
common  sampling  technique  presently  em- 
ployed requires  a  six-man  party  equipped 
with  portable  loadometers.  Such  a  party 
can  seldom  weigh  more  than  200  trucks  per 
8-hour  day,  at  a  cost  of  from  $100  to  $150. 
Truck  operators  object  to  the  delay  some- 
times encountered  at  a  weighing  station 
and  frequently  use  circuitous  routes  to  avoid 
the  station,  even  though  the  data  obtained 
are  used  only  for  highway  planning  pur- 
poses and  no  law  enforcement  is  connected 
therewith. 

Common  practice  in  enforcement  of  legal 
weight  limits  requires  that,  at  any  enforce- 
ment station,  all  trucks  be  stopped  and 
weighed,  excepting  perhaps  those  obviously 
empty  or  of  very  light  weight.  Inconveni- 
ence and  sometimes  considerable  delay  to 
all  operators  result,  even  though  only  a 
small   percentage  are   overloaded. 

In  realization  of  the  widespread  need  for 
a  scale  which  can  weigh  vehicles  at  their 
normal  highway  speeds,  the  Bureau  of  Pub- 
lic Roads  during  the  past  several  years  has 
investigated  the  possibility  of  adapting  var- 
ious types  of  mechanical  and  electrical  de- 
vices to  this  problem.     Experimental  vehi- 
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cle-weight  recordings  were  made,  using-  sev- 
eral electronic  systems  and  various  weight- 
sensitive  electrical  components  such  as  vari- 
able resistors  of  carbon  granules,  variable 
capacitors,  and  strain  gages.  Of  these,  the 
highly  perfected  resistance-wire  strain  gage 
seemed  most  adaptable  to  vehicle-weighing 
requirements. 

Electronic  scales  for  weighing  stationary 
objects  or  materials  with  an  exceedingly 
high  degree  of  accuracy  have  been  in  use 
for  a  number  of  years.  Electronic  scales 
are  now  being  used  to  weigh  freight  cars 
while  traveling  at  slow  speeds,  and  to  weigh 
materials  in  hoppers  and  ladles  or  materials 
picked  up  by  cranes.  At  the  time  that  the 
electronic  scale  described  in  this  article  was 
constructed,  however,  there  was  no  record 
of  a  successful  attempt  to  weigh  motor 
vehicles  while  traveling  at  their  normal 
highway  speeds. 

Basically,  the  electronic  highway  scale 
consists  of  a  free  platform  built  in  the  sur- 
face of  a  traffic  lane  and  supported  by  load 
cells.  A  small  voltage  output  of  the  load 
cells  is  amplified  to  operate  a  recorder 
which  shows  the  weight  of  either  a  static 
or  dynamic  load.  The  load  cells  employed, 
and  their  associated  electronic  equipment, 
normally  comprise  an  aircraft  weighing 
kit  used  by  commercial  airlines,  the  Air 
Force,  and  the  Navy  to  weigh  their  planes 
periodically  and  determine  their  centers  of 
gravity.  Usually,  a  plane  is  jacked  up  to 
flight  position  with  a  load  cell  between  each 
of  the  three  jacks  and  the  jack  points. 
Each  cell  must  be  capable  of  measuring 
within  an  accuracy  of  10  pounds  for  any 
weight  up  to  50,000  pounds.  The  manufac- 
turer of  the  kit,  Cox  and  Stevens  Aircraft 
Corporation,  Mineola,  N.  Y.,  has  cooperated 
in  furnishing  and  adapting  these  compon- 
ents to  the  highway  scale.  Other  instru- 
ments used  for  the  scale  are  commercially 
available. 

This  report  of  progress  to  date  discusses 
the  circuitry  and  physical  features  of  the 
scale.  Also  included  is  a  discussion  of  its 
present  accuracy,  the  improvements  made 
during  the  investigation  to  attain  this  de- 
gree of  accuracy,  and  desirable  electronic 
and  structural  modifications  that  will  fur- 
ther improve  the  scale  and  reduce  the  com- 
plexity of  operation. 

Conclusions 

The  results  of  the  tests  made  to  date  have 
been  of  sufficient  scope  to  justify  the  fol- 
lowing conclusions: 

1.  For  static  weighing,  electronic  scales 
in  proper  operating  condition  are  as  accu- 
rate as  the  conventional  lever-system  scales. 
Based  on  data  obtained  from  these  tests 
and  other  sources,  electronic  scales  designed 
for  the  purpose  for  which  they  are  used 
have  a  good  record  for  retaining  their  cali- 
bration. 

2.  For  highway-planning  purposes,  an 
electronic  scale  of  the  type  described  here 
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is  suitable  for  obtaining  data  on  the  fre- 
quency of  different  axle  and  truck  loads, 
and  the  gross  tonnage  on  a  section  of  high- 
way, without  affecting  the  normal  speeds  of 
tracks.  If  desired,  accurate  measurements 
of  vehicle  speeds  and  axle  spacings  can  be 
obtained  at  the  same  time. 

3.  For  enforcement  purposes,  through 
the  use  of  a  scale  of  this  type  it  is  possible 
to  cull  out  the  trucks  with  axle  loads  or 
total  loads  which  approach  or  exceed  legal 
weight  limits  without  affecting  the  normal 
speeds  of  most  of  the  trucks.  It  is  esti- 
mated, for  example,  that  with  a  legal  axle 
load  of  18,000  pounds  and  a  legal  gross  load 
of  50,000  pounds,  all  the  trucks  with  illegal 
loads  would  be  included  in  those  which  the 
scale  recorded  as  having  axle  loads  in  excess 
of  16,000  pounds  and  gross  loads  in  excess 
of  47,000  pounds.  For  enforcement  pur- 
poses the  trucks  with  loads  approaching  or 
in  excess  of  the  legal  limits  would  have  to 
be  weighed  statically  to  obtain  a  record 
which  would  be  recognized  in  court  at  the 
present  time. 

4.  There  is  a  good  possibility  that  the 
accuracy  of  the  scale  for  weighing  trucks 
in  motion  will  be  improved  to  approach  still 
more  closely  the  accuracy  obtained  by 
weighing  trucks  statically. 

Electrical  Principles 

The  electronic  highway  scale  is  a  straight- 
forward application  of  simple  electrical 
principles.  The  experimental  instrumenta- 
tion is  very  intricate,  however,  and  the  cir- 
cuitry of  a  practical  scale  may  also  be  com- 
plex, although  it  need  not  be  complicated 
in  its  operation. 

The  basic  electrical  principle  upon  which 


the  electronic  scale  operates  is  that  the  re- 
sistance of  a  conductor  is  proportional  to  its 
length  and  inversely  proportional  to  its 
cross-sectional  area.  The  resistance-wire 
strain  gage,  usually  consisting  of  several 
parallel  wires  connected  in  series  and  held 
solidly  in  alinement  with  a  special  cement- 
ing filler,  makes  use  of  this  principle. 
When  a  strain  gage  is  in  turn  bonded  to 
some  structural  or  mechanical  part,  a  ten- 
sion of  the  part  in  line  with  the  strain  gage 
will  lengthen  the  wires  and  reduce  their 
diameter,  thereby  increasing  the  resistance 
of  the  gage.  Conversely,  a  compression  of 
the  part  will  reduce  the  gage  resistance  in 
proportion  to  the  compressing  force.  The 
weight-sensitive  load  cell  shown  in  figure  2 
consists  of  columns  to  which  strain  gages 
have  been  bonded. 

The  electrical  circuit  of  a  load  cell  is  a 
resistance  network,  commonly  called  a 
Wheatstone  bridge,  in  which  the  current 
flow  resulting  from  an  applied  voltage  is 
divided  equally  so  that  there  is  no  difference 
in  potential  at  the  output  terminals.  This 
resistance  network  consists  of  several  wire 
strain  gages  mounted  on  columns  so  that 
compression  of  the  columns  deforms  strain 
gages  in  opposite  arms  of  the  Wheatstone 
bridge,  which  in  turn  effects  an  unbalance 
in  the  resistance  network,  and  consequently 
there  is  a  difference  in  potential  between  the 
output  terminals.  The  value  of  this  poten- 
tial difference  is  proportional  to  the  com- 
pressing force. 

Registering  Components 

To  complete  the  electronic  scale,  a  regis- 
tering component  must  be  provided  and  a 
means  of  calibrating  the  compressive  forces 
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Figure  3. — Block  diagram  of  the  electronic  scale. 


is  necessary.  The  cell  output  must  also  be 
sufficiently  amplified  to  operate  the  record- 
ing device. 

The  short  dummy  columns  of  the  load 
cell  (fig.  2)  carry  no  load.  Strain  gages 
mounted  on  these  columns  serve  as  the  ma- 
jor temperature-compensating  components 
in  the  cell  and  eliminate  the  need  for  ad- 
justment of  calibration  with  changes  in 
temperature. 

Four  load  cells  were  used  in  the  experi- 
mental scale,  as  shown  in  figure  3.  Each 
cell  in  itself  was  a  complete  Wheatstone 
bridge  plus  temperature  and  modulus-com- 
pensating resistors.  The  cells  were  con- 
nected in  parallel  so  that  the  amplifier  input 
would  be  a  measure  of  the  total  unbalance 
•of  the  four  cells.  This  provided  for  the 
accurate  indication  of  any  weight,  regard- 
less of  its  position  on  the  platform.  A  low- 
voltage  400-cycle  current  was  supplied  to 
the  cell  input  because  amplifiers  for  alter- 
nating current  are  generally  more  stable 
electrically  than  amplifiers  for  direct  cur- 
rent.    The  cell   output  was   fed  through  a 


range-control  and  calibrating-resistance  net- 
work to  a  voltage  amplifier  and  indicating 
meter.  Also,  a  small  voltage  from  the 
400-cycle  oscillator  was  fed  directly  to  a 
phase-sensitive  detector  preceding  the  null- 
indicating  meter  so  that  the  direction  of  the 
meter  deflection  showed  whether  the  load 
was  being  increased  or  decreased.  The 
range-control  and  calibrating-resistance  net- 
work was  composed  of  precision  resistors  so 
connected  that  known  changes  in  cell  un- 
balance could  be  directly  produced  to  com- 
pensate for  platform  weight  or  other  dead 
load  on  the  scale  and  to  calibrate  the  oscillo- 
scopic  presentation.  The  range-control  and 
vernier  potentiometer  were  also  used  to  re- 
balance the  bridge  circuit  for  static  weigh- 
ing  operations. 

Weighing  vehicles  at  normal  highway 
speeds  was  accomplished  by  connecting  an 
oscilloscope  to  the  output  of  the  second 
stage  of  the  four-stage  voltage  amplifier 
included  in  the  aircraft  weighing  kit.  An 
oscilloscope  contains  a  cathode-ray  tube 
similar  to   a   television    picture  tube.     The 


cathode-ray  tube  in  this  case  had  a  screen 
which  would  retain  an  image  for  a  short 
time.  A  measure  of  the  cells'  unbalance 
was  presented  on  the  screen  as  a  pattern 
which  represented  the  weight  for  each  axle 
of  a  vehicle.  In  addition,  a  photographic 
record  was  made  of  these  transient ,  phe- 
nomena. 

The  horizontal  progression  of  the  focused 
spot  of  light  on  the  screen  of  the  oscillo- 
scope is  called  the  sweep.  The  sweep  speed 
is  controlled  by  the  rate  of  charge  of  a 
capacitor  through  a  resistor,  and  only  the 
flatter  portions  of  this  charging  curve  were 
usable  as  a  time  base.  It  was  desirable, 
therefore,  to  provide  a  means  for  readily 
choosing  a  linear  portion  of  the  sweep.  To 
accomplish  this,  a  square-wave  generator 
was  used.  This  instrument  produces  an  al- 
ternating current  which  changes  from  a 
constant  positive  value  to  a  constant  nega- 
tive value  in  zero  time  as  contrasted  with 
the  sine-curve  wave  form  of  conventional 
alternating  current.  The  square-wave  gen- 
erator was  connected  to  the  Z  axis  of  the 
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Figure  4. — The  oscilloscope  and  associated  electronic  equipment  in  use. 


oscilloscope  so  that  chosen  time  intervals 
could  be  shown  on  the  screen  by  blanking 
out  the  beam  at  a  low-frequency  rate.  This 
produced  a  series  of  equal  time  dashes  on 
the  screen,  and  the  sweep-generator  con- 
trols could  then  be  adjusted  to  provide 
linear  time  increments  throughout  the  screen 
width.  A  rapid  change  could  then  be  made 
from  a  slow  sweep  speed  for  recording  all 
axles  of  a  vehicle  to  a  fast  sweep  speed  for 
single-axle  or  tandem-axle  recording  and 
still  provide  records  with  abscissas  directly 
referable  to  unit  time. 

To  provide  a  tie  between  the  sweep  of  the 
oscilloscope  and  the  progress  of  a  vehicle  in 
the  traffic  lane,  a  road  detector  was  used 
in  front  of  the  scale  platform.  The  distance 
between  the  road  detector  tube  and  the  plat- 
form was  set  so  that  the  visible  sweep  of 
the  oscilloscope  coincided  with  the  passage 
of  the  vehicle  wheels  across  the  scale  plat- 
form. The  front  wheels  of  a  vehicle  pass- 
ing over  the  road  tube  triggered  the  sweep 
circuit  in  the  oscilloscope,  permitting  the 
focused  spot  as  seen  on  the  oscilloscope 
tube  to  sweep  the  screen  at  its  predeter- 
mined rate. 

As  each  wheel  of  the  vehicle  passed  over 
the  scale  platform,  the  visible  spot  was  also 
deflected  vertically  by  a  signal  from  the  am- 
plifier of  the  weighing  kit.  The  amplitude 
of  the  vertical  deflection  was  a  measure  of 
the  axle  weight.  As  the  point  of  origin 
could  be    computed  and  rate  of  horizontal 


progression  of  the  spot  was  known,  the  posi- 
tion of  the  weight  indication  of  the  front 
axle  also  was  an  indication  of  the  vehicle 
speed,  and  the  position  of  the  weight  indi- 
cations of  succeeding  axles  showed  also  a 
measure  of  axle  spacing. 

Operation  of  Electronic  Scale 

A  typical  set-up  procedure  will  best  de- 
scribe the  operation  of  the  components  of 
the  weighing  equipment.  The  weighing  kit, 
oscilloscope,  control  box,  and  square-wave 
generator  were  placed  conveniently  on  the 
bench,  generally  as  shown  in  figure  4.  The 
shielded  cable  from  the  load-cell  junction 
box  was  connected  to  the  weighing  kit  and 
the  units  were  interconnected  as  shown  in 
the  block  diagram  (fig.  3).  The  road-de- 
tector tube  was  located  at  a  distance  in 
front  of  the  scale  platform,  normally  41 
feet,  which  was  determined  by  the  range  in 
vehicle  speeds.  After  connecting  the  air- 
switch  cable  to  the  control  box,  the  set-up 
was  complete. 

It  was  found  during  the  tests  that  the 
speed  of  the  focused  spot  across  the  screen 
and  the  magnitude  of  its  vertical  deflection 
with  a  given  load  had  a  tendency  to  change 
during  the  first  half  hour  of  operation.  To 
avoid  errors  due  to  changes  in  calibration 
because  of  instrument  drift,  a  half-hour 
warm-up  period  was  allowed  prior  to  the 
start  of  each  series  of  tests.     During  this 


warm-up  period,  the  oscilloscope  controls 
were  adjusted  within  their  operating  range. 
The  Y  axis  of  the  oscilloscope  was  cali- 
brated in  pounds  by  unbalancing  the  bridge 
circuit  with  the  load  switch  in  5,000-pound 
steps.  This  method  of  electrically  intro- 
ducing an  artificial  load  with  the  factory- 
calibrated  weighing  kit  eliminated  the  need 
for  calibrating  the  oscilloscope  scale  by 
placing  actual  known  loads  on  the  plat- 
form. The  accuracy  of  this  procedure  was 
confirmed  by  field  tests.  Usually  the  Y-pos- 
ition,  Y-attenuator,  and  Y-amplitude  con- 
trols were  set  so  that  a  20,000-pound  load 
caused  a  vertical  deflection  of  20  divisions 
on  the  screen.  Deflection  values  for  other 
weights  were  then  recorded  as  shown  by  the 
typical  weight-calibration  record  in  figure  5. 

A  weight  scale  such  as  that  appearing  in 
figure  1  (p.  1)  was  computed  from  these 
weight  calibrations.  An  axle  weight  is  de- 
termined from  it  by  alining  the  arrow  at 
the  bottom  of  the  scale  with  the  lowest 
point  of  the  axle  pattern  and  then  reading 
the  weight  at  the  top  of  the  pattern.  The 
distance  on  the  scale  from  the  arrow  to  the 
zero  reading  represents  the  width  of  the 
pattern  with  no  load  on  the  scale. 

The  purpose  of  the  study  and  the  type  of 
data  to  be  recorded  during  each  study  de- 
termined the  setting  of  the  sweep  speed. 
A  two-second  sweep  time  allowed  all  axles 
of  trucks  traveling  within  the  normal  range 
of   speeds  to   be   presented   on   the   oscillo- 
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Figure  5. — Patterns  of  electrically  introduced  artificial 
loads  for  weight  calibrations. 


scope,  whereas  a  one-fifth-second  sweep 
time  would  permit  a  detailed  presentation 
of  single-axle  or  tandem-axle  weights.  An 
appropriate  frequency  was  then  selected  on 
the  square-wave  generator:  20  cycles  per 
second  for  the  slower  sweep  and  50  cycles 
per  second  for  the  faster  sweep.  By  ob- 
serving the  number  of  time  marks  per  inch 
throughout  the  width  of  the  oscilloscope 
screen,  a  combination  adjustment  of  the 
sweep  range,  sweep  vernier,  X-position,  and 
X-amplitude  controls  produced  the  exact 
linear  speed  desired. 

Figure  6  shows  a  typical  recording  made 
before  the  final  sweep  adjustments  had 
been  made.  Since  the  spot  started  its 
sweep  at  some  point  off  the  visible  screen, 
a  known  time  point  was  established  by  re- 
cording the  axle  weights  of  a  passenger 
vehicle  traveling  the  known  distance  from 
the  road  detector  tube  to  the  scale  platform 
at  a  known  speed.  Knowing  the  road-tube 
spacing,  vehicle  speed,  and  the  frequency  of 
the  equal  time  pulses,  the  time  and  speed 
scales  which  appear  on  figure  1  could  be 
computed. 

The  weighing  kit  was  provided  with  a 
balancing  potentiometer  which  was  adjust 
during  the  warm-up  period  to  bring  the  null- 
indicating  meter  to  center  scale  when  the 
scale  platform  was  unloaded.  At  the  end 
of  the  warm-up  period,  a  slight  readjust- 
ment of  the  sweep  vernier  and  the  Y-ampli- 
tude  control  prepared  the  instruments  for 
operation. 

Any  vehicle  for  which  axle  weights  were 
desired  could  be  selected  by  closing  the 
switch  on  the  control  box  and  opening  the 
camera  shutter  as  the  vehicle  approached 
the  road  tube.  After  the  passage  of  the 
vehicle  the  camera  shutter  was  closed,  the 
film  was  advanced,  and  the  control-box 
switch  was  opened  to  prepare  the  instru- 
ment for  the  next  vehicle  to  be  recorded. 
With  manual  operation  of  the  camera,  the 
complete  recording  cycle  required  about 
10  seconds.  In  occasional  cases  where  two 
trucks  were  closely  spaced,  it  became  neces- 


sary to  select  the  one  for  which  data  were 
desired. 

A  recording  of  axle  weights  and  spacings 
and  vehicle  speed  is  shown  in  figure  1. 
The  derivation  of  the  time,  speed,  and 
weight  scales  superimposed  on  this  figure 
has  been  previously  described.  Using  these 
scales,  it  can  be  determined  from  the  pat- 
tern made  by  the  vehicle  that  it  was  travel- 
ing 39.5  miles  per  hour,  had  axle  weights 
of  7,500  pounds,  12,200  pounds,  and  13,300 
pounds,  and  had  axle  spacings  of  13.5  feet 
and  25.6  feet.  The  axle  spacings  were  cal- 
culated after  knowing  the  time  spacings 
between  the  axles  and  their  speed. 

For  static  weighing,  the  road  tube,  con- 
trol box,  oscilloscope  and  camera,  and 
square-wave  generator  were  not  used.  The 
weighing  kit  was  checked  for  balance  and 
adjusted  by  the  balancing  potentiometer. 
One  axle  of  the  vehicle  was  run  onto  the 
platform,  other  wheels  were  trigged,  the 
brakes  released,  and  the  null-indicating 
meter  was  brought  back  to  center  scale  by 
adjusting  the  weight-indicating  dials  which 
were  calibrated  in  pounds.  The  weight 
shown    on    these    direct-reading    dials    was 


then  the   weight  of  the   axle   on   the  plat- 
form. 

This  experimental  scale  was  constructed 
entirely  with  commercially  available  instru- 
ments to  test  an  electronic  system  for  dyna- 
mic weighing.  No  major  electrical  changes 
were  made  in  the  individual  units.  The 
experience  gained  from  the  experimental 
scale  now  makes  it  possible  to  draw  gen- 
eral electronic  specifications  for  a  scale  de- 
signed for  dynamic  weighing  which  would 
provide  reliability,  accuracy,  and  simplicity 
of  operation. 

Recommended  Improvements 

Some  of  the  more  important  features  that 
should  be  included  in  an  improved  instru- 
ment designed  for  weighing  vehicles  in  mo- 
tion which  are  relatively  simple  to  accom- 
plish are: 

1.  Redesign  of  the  control  box  to  pro- 
vide for  automatic  operation.  To  accom- 
plish this  would  require  only  the  addition 
of  one  circuit  which  would  reset  the  sweep 
trigger  when  the  spot  had  completed  its 
traverse  of  the  oscilloscope  screen. 

2.  Design  of  cathode-ray  tube  circuits 
specifically  for  the  scale.  The  oscilloscope 
now  in  use  is  a  general-purpose  instrument 
and  therefore  contains  many  features  not 
used  in  conjunction  with  the  highway  scale. 
Also,  the  present  instrument  has  a  greater 
range  of  control  over  the  circuits  that  are 
used  than  is  desirable.  The  controls  should 
be  reduced  to  those  for  spot  position,  spot 
intensity,  focus,  weight  calibration,  and 
sweep  calibration.  The  last  two  mentioned 
should  each  have  only  a  single  control  dial. 
These  should  be  calibration  adjustments 
rather  than  complete  controls  of  the  ampli- 
fier gain  and  sweep  speed  now  available  in 
the  oscilloscope. 

3.  Automatic  operation  of  the  camera, 
and  a  large  film  magazine. 

4.  Redesign  of  the  weighing-kit  circuits 
to  provide  a  well-shielded  oscillator,  a 
stable  amplifier  with  a  simple  gain  calibra- 
tion and  adjustment,  and  a  vacuum-tube  de- 


Figure  6. — Pattern  produced  by  an   automobile  moving  40  miles  per  hour  ivith  20 
time  marks  per  second  inserted  for  speed  and  axle-spacing  calibration. 
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Figure  7. — Above:  Steel  framework  used  to 
form  the  pavement  slab  in  which  the 
weighing  pit  was  installed.  Below:  Only 
an  inside  form  ivas  used  for  the  pit. 


tector  so  that  the  oscilloscopic  presentation 
of  weight  is  in  one  direction  only  from  the 
zero,  making-  for  a  single  scale  reading  for 
each  axle  weight. 

5.  Possible  substitution  of  a  pen  or 
heated-stylus  recorder  for  the  cathode-ray 
oscilloscope  and  camera. 

Several  of  these  design  changes  are  now 
being  incorporated  in  the  present  scale. 
Structural  improvements  are  discussed  at 
the  end  of  the  article. 

Construction  of  the  Scale 

Concurrent  with  the  electronic  develop- 
ment, and  of  equal  importance,  a  program 
of  research  was  being  conducted  to  deter- 
mine the  most  suitable  structural  and  me- 
chanical features  of  the  complete  scale. 

In  April  1951,  when  it  appeared  from  a 
number  of  rather  crude  preliminary  tests 
that  there  was  a  possibility  of  weighing 
vehicles  in  motion  by  an  application  of  elec- 
tronic load  cells,  the  last  section  of  con- 
crete pavement  on  the  Shirley  Highway,  a 
freeway  in  Virginia  just  south  of  Washing- 
ton, D.  C,  was  nearing  completion.  This 
offered  an  opportunity  to  construct  an  elec- 
tronic scale  for  a  minimum  cost  at  a  loca- 
tion that  was  ideal  for  development  and 
test  purposes. 

With  the  cooperation  of  the  Virginia 
State  Department  of  Highways  and  the 
contractor,  the  Williams  Construction  Com- 
pany of  Norfolk,  Va.,  the  Bureau  of  Public 
Roads  completed  the  construction  of  the  pit 
and  slab  necessary  for  the  installation  of 
the  load  cells  and  electrical  equipment  on 
May  7,  1951.  The  exact  location  of  the 
installation  is  on  the  Shirley  Highway  1,000 
feet  north  of  the  intersection  with  U  S  1 
near  Woodbridge,  Va. 


The  design  of  the  experimental  scale  was 
influenced  by  several  considerations  which 
now  appear  to  be  either  elementary  or  of 
slight  importance.  Since  the  possibility  of 
recording  accurate  weights  of  vehicles  in 
motion  seemed  rather  remote,  due  to  the 
spring  action  of  the  vehicles  and  impact 
factors  involved,  it  was  obvious  that  an 
elaborate  installation  was  not  justified.  It 
was  necessary,  however,  that  the  installa- 
tion be  constructed  in  such  a  manner  that 
it  would  be  adequate  for  an  accurate  test 
of  the  equipment  and  principles  involved. 
It  was  also  essential  that  the  original  in- 
stallation be  designed  so  that  changes  could 
conveniently  be  made  in  the  electrical  equip- 
ment and  in  the  suspension  of  the  floating 
slab,  as  the  investigation  progressed,  with- 
out   the   need    of   major    changes    or   recon- 


struction of  the  pit  located  in  the  roadway. 
Furthermore,  it  was  desirable  that  the  tests 
be  conducted  without  unduly  interfering 
with  normal  traffic  operations  on  the  free- 
way. 

The  floating  slab  supported  by  the  load 
cells,  and  the  pit  under  the  floating  slab 
which  provides  access  to  the  load  cells,  were 
constructed  in  the  right-hand  lane  of  the 
two  lanes  used  by  southbound  traffic.  The 
highway  carries  an  average  of  about  50 
dual-tired  trucks  per  hour  in  each  direc- 
tion, with  a  fairly  uniform  flow  day  and 
night.  Most  of  the  trucks  normally  use  the 
right-hand  lane  at  the  location  and  are 
weighed  by  the  Virginia  Department  of 
Highways  on  their  conventional  lever-sys- 
tem scales  located  4  miles  to  the  south.  As 
a  check  on  the  accuracy    of  the  electronic 


Figure  8. — The  completed  pit,  showing  the  load  cells  in  place  and  the  turnbuckles  attached 
to  the  pit  brackets.  The  west  end  and  the  access  manhole  appear  in  the  upper  view; 
the  east  end  is  shoicn  below.  The  floating  slab,  with  the  turnbuckle  brackets  attached 
to  the  bottom  face,  is  shown  in  the  inset. 
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scales  for  weighing  vehicles  in  motion,  the 
static  weights  of  the  trucks  were  obtained 
at  the  lever-system  scales. 

Maximum  possible  smoothness  of  the 
pavement  at  the  electronic  scale  was  ob- 
tained by  finishing  the  surface  to  the  top 
edge  of  two  30-foot  steel  channels  rather 
than  to  the  top  of  conventional  10-foot  con- 
crete forms.  A  framework  of  10-inch  chan- 
nels, as  shown  in  figure  7,  was  constructed 
to  form  the  outside  dimensions  of  one  con- 
crete slab  30  feet  long  and  12  feet  wide, 
and  the  top  of  the  inside  walls  of  the  pit. 
This  framework  was  placed  inside  the  con- 
ventional concrete  forms  and  remained  in 
place  after  the  conventional  forms  were  re- 
moved. One-inch  steel  bars  spaced  about 
3  feet  apart  in  both  directions  were  welded 
to  the  channel  framework  to  supplement 
the  steel-mesh  reinforcing  used  throughout 
the  project  and  to  assure  continued  smooth- 
ness of  the  surface  at  the  scale.  Extra 
care  was  also  taken  to  obtain  a  smooth  sur- 
face on  the  two  30-foot  slabs  adjacent  to  the 
one  in  which  the  scale  was  located. 

The  pit  to  accommodate  the  floating  slab 
and  load  cells  occupied  the  central  10  feet 
of  the  normal  12-foot  traffic  lane  and  was 
37  Mj  inches  wide  to  allow  a  three-fourths- 
inch  clearance  between  the  floating  slab  and 
the  walls  of  the  pit.  It  would  have  been 
desirable  to  construct  the  pit  for  the  entire 
12-foot  lane  width,  but  this  would  have  in- 
troduced additional  construction  difficulties 
that  did  not  seem  warranted  for  this  inves- 
tigation. The  36-inch  width  for  the  floating 
slab  was  selected  to  obtain  the  maximum 
size  on  which  the  weight  of  not  more  than 
one  axle  of  a  vehicle  would  be  present  at 
any  one  time.  The  clear  distance  between 
tire-contact  areas  on  dual  axles  approaches 
a  minimum  of  3  feet.  The  thickness  of  the 
floating  slab  was  12  inches.  It  was  rein- 
forced with  12-inch  steel  channels  weighing 
35  pounds  per  foot  which  had  been  welded 
together    to    form    the    outside    dimensions. 


The  ends  of  1-inch  reinforcing  rods  spaced 
about  2  feet  apart  were  also  welded  to  the 
channels  in  addition  to  the  two  layers  of 
wire  mesh. 

The  depth  of  the  pit  was  30  inches.  This 
dimension  was  limited  by  the  elevation  of 
the  bottom  of  the  drainage  ditch  of  the  road- 
way. A  greater  depth  for  the  pit  would 
have  been  desirable  if  natural  drainage 
from  the  bottom  of  the  pit  coiud  have  been 
provided.  The  bottom  and  walls  of  the  pit 
were  12  inches  thick.  They  were  poured 
integrally  with  the  surface  of  the  rest  of  the 
30-foot  slab.  Access  to  the  pit  with  the 
floating  slab  in  place  was  through  a  man- 
hole located  on  the  shoulder,  as  shown  in 
the  cover  illustration. 

Two  steel  angle  brackets  were  fastened 
on  the  long  side  of  the  pit  and  one  on  the 
short  side,  and  corresponding  brackets  were 


1  REAR    t> 
■    >    13  800 

XLE 
LB. 

bolted  to  the  under  side  of  the  floating  slab. 
These  brackets  were  connected  with  tie  bars 
and  turnbuckles,  to  hold  the  slab  in  proper 
horizontal  position.  After  the  slab  was  in- 
stalled a  %-  by  1-inch  rubber  strip  was 
placed  in  the  space  between  the  slab  and 
the  walls  of  the  pit. 

The  location  of  the  four  load  cells  and 
the  turnbuckles  for  adjusting  the  tie  bars 
that  held  the  floating  slab  in  its  proper 
horizontal  position  is  shown  in  figure  8. 
The  cover  illustration  shows  a  view  of  the 
completed  installation  as  it  appeared  on  the 
surface  of  the  road. 

Initial  Tests  of  Accuracy 

A  loaded  two-axle  dump  truck  was  used 
in  the  first  series  of  tests  to  determine  the 
accuracy  of  the  scale.     The  static  weight  of 


FRONT  AXLE 

4,700  LB. 

8.6  DIV. 


Figure  9. — Static  weight  pattern  for  a  two-axle  truck. 
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Fi"ure  10. W  eight  patterns  for  various  speeds  of  the  truck  weighed  statically  in  figure  9. 
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Table 

1. — Recorded   weights    of   two-axle    truck   at 

various    speeds 

Speed 

Based  on  longest  vertical  oscillation 

BaseJ  on  extremas  of  pattern 

Front  axle 

Rear  axle 

Front  axle 

Rear  axle 

Recorded 
weight 

Error  > 

Recorded 
weight 

Error  ' 

Recorded 
weight 

Error  ' 

Recorded 
weight 

Error  ■ 

M.p.h. 

Lb. 

4,700 
4,800 
4  .  GOO 
4,700 
4.300 
4.750 
4.900 

Lb. 

+  100 
-100 
0 
-400 
+  50 
+  200 

Lb. 

13.800 
12,800 
12.700 
13,400 
13.700 
13,300 
13,200 

Lb. 

Lb. 

4,700 
4,950 
4,750 
4,750 
4.300 
4,750 
4,900 

Lb. 

Lb. 

13.800 

13,850 

13,500 

13.900 

13,800 

13,300 

13.200 

Lb. 

+  50 
-300 
+  100 
0 
-500 
-600 

10 

-1,000 
-1,100 
-400 
-100 
-500 
-600 

+250 
+  50 
+  50 

-400 
+  50 

+  200 

20 

30 

40     .                         

45           

50     .           

Deviation  from  static  weight. 


each  axle  of  the  truck  was  obtained  first  on 
the  electronic  scale  and  then  on  the  con- 
ventional lever-system  scale.  The  oscillo- 
scope pattern  of  the  static  weight  for  each 
axle  while  the  truck  was  standing  on  the 
electronic  scale  is  shown  in  figure  9.  It  is 
possible  to  vary  the  magnitude  of  the  verti- 
cal deflection  of  the  oscilloscope  spot  for  a 
given  load  by  turning  the  Y-amplitude  dial. 
For  example,  it  is  possible  to  change  the 
adjustment  so  that  one  division  of  the  grid 
on  the  screen  will  represent  10  pounds, 
10,000  pounds,  or  any  load  between  10  and 
10,000  pounds.  During  this  series  of  tests 
the  Y-amplitude  was  adjusted  so  that  the 
pattern  for  the  load  of  the  heavier  axle  of 
the  truck  covered  most  of  the  screen.  This 
permitted  the  recorded  weights  as  obtained 
from  the  patterns  to  be  read  with  a  greater 
precision  than  if  a  smaller  scale  were  used 
to  represent  the  same  weight. 

After  obtaining  the  static-load  pattern,  a 
series  of  weight  patterns  was  obtained  as 
the  truck  crossed  the  electronic  scale  at  dif- 
ferent speeds,  ranging  from  10  to  50  miles 
per  hour.  These  patterns  are  shown  in 
figure  10.  The  difference  between  the 
of  the  static-load  pattern  for 
measured  vertically,  and  the 
magnitude  of  each  pattern  while  the  truck 
was  in  motion  is  a  direct  measure  of  the 
error  in  the  recorded  axle  weights.  Table 
1  shows  the  recorded  weights  of  the  truck 
traveling  at  various  speeds  as  obtained  by 
translating  the  oscilloscope  patterns  into 
axle  loads. 

There  was  some  question  during  these 
initial  tests  as  to  whether  the  recorded 
weights  were  represented  by  the  magnitude 
of  the  extremes  of  the  axle-weight  patterns 
or  by  the  magnitude  of  the  longest  vertical 
lines  of  the  patterns.  One  set  of  figures  in 
table  1  is  based  on  the  longest  vertical 
lines  within  the  patterns,  whereas  the  other 
set  of  figures  is  based  on  the  extreme  mag- 
nitudes of  the  patterns.  In  this  test,  the 
weights  that  are  based  on  the  extremes  of 
the  patterns  correspond  more  closely  with 
the  static  weights  than  those  that  are  based 
on  the  longest  vertical  lines.  This  did  not 
hold  true  in  subsequent  tests.  Generally, 
the  weight  represented  by  the  longest  verti- 
cal line  of  a  pattern  corresponds  more 
closely    with    the    static    weight    than    the 


magnitude 
each    axle, 


weight  represented  by  the  extremes  of  the 
pattern.  In  either  case,  the  maximum  dif- 
ference between  the  static  weight  and  the 
recorded  weight  while  the  vehicle  was  in 
motion  was  400  pounds  for  the  front  axle, 
a  difference  of  8.5  percent.  For  the  rear 
axle,  the  maximum  error  was  1,100  pounds 
or  8.7  per  cent  in  the  one  case  and  600 
pounds    or   4.4    percent   in    the   other   case. 


Most  of  the  errors  shown  in  table  1  are 
within  the  precision  with  which  it  is  possi- 
ble to  read  the  magnitude  of  the  oscillo- 
scope patterns. 

Major  Errors  in  Dual-Axle  Weights 

It  should  be  noted  that  there  is  no  consis- 
tent increase  or  decrease  in  error  with  an 
increase  in  the  speed  of  the  vehicle.  A 
number  of  tests  of  this  type  were  made, 
using  two-axle  trucks,  during  the  period 
that  improvements  and  adjustments  were 
being  made  in  the  electrical  equipment  and 
in  the  procedures  being  developed  for  con- 
ducting more  comprehensive  studies  of  nor- 
mal traffic  using  the  highway.  Similar  re- 
sults were  obtained  in  all  of  these  tests, 
there  being  no  indication  that  a  greater 
error  was  likely  to  occur  at  one  particular 
speed  than  at  another  speed.  Many  minor 
improvements  were  made  in  the  equipment 
during  this  period,  but  attempts  to  increase 
the  accuracy  by  minor  changes  in  the  elec- 
trical apparatus  were  not  successful.     The 


Figure  11. — Static  weight  patterns  for  a  three-axle  truck  at  the  begin- 
ning and  end  of  the  study.  The  figures  in  the  pattern  bands  indi- 
cate their  ividths  in  divisions. 


Figure  12. — Weight  patterns  (with  unequal  dead  tveights  on   load  cells)   for  various  speeds 
of  the  truck  weighed  statically  in  figure  11. 
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use  of  equipment  built  especially  for  weigh- 
ing vehicles  in  motion  rather  than  the  pres- 
ent equipment,  which  was  a  combination  of 
instruments  already  available  commercially, 
appeared  to  be  the  only  way  in  which  a 
greater  accuracy  could  be  attained.  The 
results  obtained,  however,  appeared  to  be 
sufficiently  accurate  to  justify  a  more  ex- 
tensive test  on  the  large  variety  of  truck 
types  using  the  highway. 

The  results  of  the  initial  tests,  in  which 
trucks  using  the  highway  were  weighed  by 
the  electronic  scale  as  they  passed  the  study 
location  and  were  again  weighed  statically 
on  the  conventional  lever-system  scale, 
showed  that  extremely  high  errors  were 
obtained  for  trucks  with  dual  axles.  To 
determine  whether  speed  had  any  effect  on 
the  magnitude  of  the  error  in  the  weight 
of  dual  axles,  a  series  of  tests  similar  to 
the  initial  tests  on  two-axle  trucks  was 
conducted  on  a  three-axle  single-unit  truck. 
The  patterns  obtained  for  the  three-axle 
truck  when  it  was  operated  at  various 
speeds  are  shown  in  figures  11  and  12. 

Figure  11  shows  the  static  weight  pat- 
terns for  each  of  the  three  axles  at  the  be- 
ginning of  the  study  and  also  at  the  end 
of  the  study.  The  difference  between  the 
magnitudes  of  the  patterns  at  the  begin- 
ning of  the  study  and  at  the  end  of  the 
study  illustrates  the  drift  of  the  calibration 
when  tests  are  started  without  allowing  a 
half-hour  warm-up  period. 

Figure  12  shows  the  patterns  obtained  as 
the  three-axle  truck  crossed  the  scale  at 
10,  20,  30,  and  40  miles  per  hour.  Trans- 
lating these  patterns  into  weight  measure- 
ments resulted  in  the  data  shown  in  table 
2.  It  may  be  seen  that  the  speed  of  the 
truck  had  no  consistent  effect  on  the  accu- 
racy of  the  recorded  weights  for  the  first 
axle,  the  errors  in  each  case  being  within 
the  precision  with  which  the  magnitude  of 


Table  2. — Recorded  weights  of  three-axle  truck  at  various  speeds 


Speed 

First  axle 

Second  axle 

Third  axle 

Recorded 
weight 

Error  ' 

Recorded 
weight 

Error  l 

Recorded 
weight 

Error  ' 

M.p.h. 
0   

Lb. 

6,240 
6,500 
6,450 
6,250 
6,150 

Lb. 

Lb. 

5,010 
6,700 
6,900 
7,350 
7,700 

Lb. 

Lb. 
4,860 
6,500 
6,800 
8 .  550 
9,850 

Lb. 

10 

+260 

+210 

+  10 

-90 

+  1,690 
+  1,890 
+  2,340 
+2.740 

+  1,640 
+ 1 , 940 
+  3.690 
+  4,990 

20 

30 

40 

1  Deviation  from  static  weight. 


the  recorded  patterns  can  be  measured. 
The  results  for  the  second  axle  (table  2) 
show  a  marked  increase  in  the  magnitude 
of  the  error  with  an  increase  in  speed  of 
the  truck.  This  is  also  true  for  the  errors 
in  the  recorded  weight  of  the  third  axle. 
The  errors  for  the  third  axle  at  the  higher 
speeds  are  considerably  greater  than  the 
errors  for  the  second  axle. 

Improvements  in  Slab  Suspension 

Some  horizontal  and  vertical  movement  of 
the  floating  slab  as  the  truck  passed  over  it 
was  noticed  during  the  period  in  which  the 
series  of  tests  on  the  three-axle  truck  was 
conducted.  The  movement  of  the  slab  ap- 
peared to  be  causing  impacts  which  were 
transmitted  to  the  load  cells.  The  impacts 
were  definitely  greater  as  the  second  and 
third  axles  went  over  the  scale  than  with 
the  passage  of  the  first  axle  of  a  truck, 
especially  at  high  truck  speeds. 

It  may  be  seen  from  figure  12  that  the 
appearance  of  the  patterns  for  the  second 
and  third  axles  of  the  truck  is  quite  dif- 
ferent from  the  appearance  of  the  patterns 
for  the  first  axle,  especially  at  the  high 
speeds.  It  seemed  desirable*,  therefore,  to 
obtain  more  detailed  pictures  of  the  weight 
patterns.     Figure  13  is  such  a  picture  of  a 


WEIGHT 
FROM    PATTERN 
CORRECT 


2  ND  AXLE 

22,000    LB. 

12,700  LB. 


1ST  AXLE 
15,000  LB. 
12,700  LB. 


Figure  13. — Weight  pattern  for  a  dual  axle  traveling  53  miles  per  hour,  with 
the  floating  slab  not  resting  uniformly  on  the  load  cells  (oscilloscope  sweep 
at  high  speed). 


pattern  for  the  dual  axle  of  a  semitrailer 
traveling  53  miles  per  hour.  It  was  ob- 
tained by  increasing  the  horizontal  speed 
of  the  oscilloscope  spot  as  it  swept  across 
the  screen.  In  this  case,  the  spot  moved 
across  the  screen  in  one-fifth  of  a  second 
and  the  dual  axle  was  on  the  3-foot  scale 
platform  for  only  one-tenth  of  a  second. 
To  obtain  such  a  weight  pattern  approxi- 
mately centered  on  the  oscilloscope  screen 
requires  split-second  timing.  The  oscillo- 
scope spot,  which  starts  its  sweep  off  the 
screen,  must  be  triggered  so  that  the  one- 
tenth-second  weight  pattern  falls  within  the 
one-fifth-second  visible  sweep  time. 

Each  vertical  deflection  of  the  oscillo- 
scope spot  may  be  seen  as  a  separate  line 
in  figure  13.  The  spot  traveled  up  and 
down  at  the  rate  of  400  oscillations  per  sec- 
ond, the  magnitude  of  its  vertical  travel 
being  controlled  by  the  weight  on  the  load 
cells.  It  therefore  appeared,  from  a  study 
of  figure  13,  that,  the  load  cells  were  being 
subjected  to  extremely  rapid  changes  in 
load,  possibly  caused  either  by  a  horizontal 
movement  of  the  slab,  by  a  rocking  of  the 
slab  on  its  four  supports,  or  by  vibrations 
in  the  slab,  produced  by  the  first  axle  of 
the  tandem,  that  were  still  remaining  at 
the  time  the  second  axle  passed. 

Complete  elimination  of  any  vibratory 
movement  of  the  floating  slab,  both  verti- 
cally and  horizontally,  seemed  desirable. 
The  horizontal  movement  was  eliminated 
by  welding  the  turnbuckle  tie  bars  to  the 
brackets  on  the  under  side  of  the  slab  and 
on  the  walls  of  the  pit.  Previously  these  tie 
bars  had  been  pin-connected  and  the  pins 
had  developed  some  play,  although  origi- 
nally they  were  tight  enough  to  require  that 
they  be  driven  in  place. 

It  is  extremely  difficult  to  place  an  object 
as  rigid  as  the  slab  on  four  supports  and 
be  certain  that  each  support  carries  a  fair 
share  of  the  load.  Repeated  trials  showed 
that  a  difference  of  as  little  as  two-  or  three- 
thousandths  of  an  inch  in  the  height  of  one 
support  was  sufficient  to  cause  the  slab  to 
rock  and  produce  an  impact  which  would 
result  in  a  pattern  similar  to  the  one  shown 
in  figure  13.  With  the  help  of  the  company 
which  manufactured  the  load  cells  and 
weighing  kit,  a  system  was  developed 
whereby  the  static  load  of  the  floating  slab 
on  each  cell  could  be  determined.  This 
made  it  possible  to  obtain  approximately 
the    same   dead   weight   on   each   load    cell. 
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Figure  14. — 
Weight  patterns  for 
the  rear  axle  of  a 
two-axle  truck  trav- 
eling at  various 
speeds,  ivith  the 
floating  slab  rest- 
ing uniformly  on 
the  load  cells  and 
the  tie  bars  welded 
(oscilloscope  sweep 
at  high  speed). 


Weight  adjustments  were  made  by  grind- 
ing the  bearing  surface  on  top  of  the  load 
cells  rather  than  by  the  use  of  shims. 

After  the  bearing  points  of  the  floating 
slab  on  the  load  cells  had  been  adjusted  so 
that  each  cell  carried  approximately  the 
same  portion  of  the  total  weight  of  the  slab, 
which  was  about  5,000  pounds,  and  the  hori- 
zontal tie  bars  had  been  welded,  patterns 
similar  to  those  shown  in  figure  14  were 
obtained.  All  of  the  separate  patterns 
shown  in  figure  14  were  made  by  the  rear 
axle  of  a  single-unit  truck.  Other  pat- 
terns made  by  dual  axles  were  similar,  and 
none  had  the  extremely  ragged  appearance 
of  the  pattern  shown  in  figure  13.  There 
are,  however,  several  characteristics  of 
these  patterns  which  as  yet  have  not  been 
explained. 

It  may  be  noted  that  while  the  truck  was 
stationary  the  pattern  has  a  scalloped  ap- 
pearance at  the  top.  This  same  repetition 
rate  of  the  scallops  is  found  in  the  pattern 
of  weights  of  moving  vehicles  and  appears 
to  remain  constant  regardless  of  the  speed 
of  the  vehicle.  It  apparently  occurs  at  a 
frequency  of  about  60  cycles  per  second, 
corresponding  with  the  frequency  in  the 
oscillation  of  the  alternating  current  used 
to  operate  the  electrical  equipment.  The 
magnitude  of  the  peaks  and  valleys,  how- 


ever, increased  with  an  increase  in  the 
speed  of  the  vehicle.  It  may  seem  that  the 
recorded  load  should  be  determined  by  using 
an  average  of  the  magnitude  of  the  vertical 
lines  at  the  peaks  and  at  the  valleys.  This 
was  not  the  case,  however,  since  it  can  be 
seen  from  figure  14  that  the  length  of  the 
vertical  lines  at  the  peaks  of  all  the  pat- 
terns remains  fairly  constant  regardless  of 
speed,  being  about  16  divisions  of  the  scale 
in  all  cases. 

It  is  interesting  to  note  that  the  zero  line 
immediately  to  the  left  of  the  weight  pat- 
tern increases  in  width  with  an  increase  in 
the  speed  of  the  vehicle.  This  increased 
width  is  undoubtedly  caused  by  vibrations 
in  the  slab  immediately  after  an  axle  had 
passed  over  it.  It  is  also  interesting  to 
note  that  the  peaks  caused  by  the  vibra- 
tions of  the  slab  are  four  or  five  oscilla- 
tions apart,  which  indicates  that  the  fre- 
quency of  vibration  of  the  slab  was  80  to 
100  cycles  per  second.  This  frequency  does 
not  correspond  with  the  frequency  of  the 
valleys  and  peaks  in  the  load  pattern. 

Dual-Axle  Weight  Errors  Continue 

With  the  floating  slab  resting  uniformly 
on  the  four  load  cells  and  with  the  tie  bars 
welded    in    position,   a   series   of  tests   was 


made  of  the  accuracy  of  the  scale  by  weigh- 
ing vehicles  as  they  passed  the  study  loca- 
tion. Under  normal  operation  about  half 
of  the  trucks  passing  the  location  have  all 
tires  on  the  10-foot  platform.  To  increase 
the  data  obtained  in  a  given  period  and 
eliminate  the  need  of  weighing  trucks  (at 
the  lever-system  scale)  which  did  not  have 
all  tires  on  the  electronic  scale,  rubber 
cones  were  placed  on  the  center  line  of  the 
pavement  used  by  southbound  vehicles. 
Most  of  the  weight  recordings  were  then 
usable  data  for  comparisi  n  with  weights 
obtained  at  the  lever-sys'em  scale.  Any 
trucks  passing  with  one  or  more  tires  off 
the  scale  were  indicated  by  a  transverse 
placement  detector  and  their  records  elimi- 
nated  from   further  consideration. 

During  the  first  of  a  series  of  tests  em- 
ploying vehicles  that  normally  passed  the 
study  location,  trucks  were  slowed  to  10 
miles  per  hour  for  a  short  period  and  to  20, 
30,  and  40  miles  per  hour  for  other  periods 
to  obtain  a  range  of  speeds.  During  the 
final  period  of  the  test,  the  trucks  were  per- 
mitted to  operate  at  their  normal  speeds. 
Figure  15  shows  results  of  these  tests. 

In  figure  15,  the  weight  of  each  axle  as 
shown  by  the  oscilloscope  pattern  of  the 
electronic  scale  is  plotted  against  the  actual 
weight  of  each  axle  as  recorded  at  the  lever- 
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arm  scale.  When  the  plotted  point  falls 
on  the  45-degree  line,  there  is  no  difference 
between  the  two  weight  recordings.  For 
some  of  the  axles  the  plotted  points  fall  on 
or  near  the  line,  but  in  other  cases,  espe- 
cially for  some  of  the  dual  axles,  the  plotted 
points  fall  off  the  45-degree  line  a  distance 
which  represents  more  than  2,000  pounds. 
There  is,  however,  fair  similarity  between 
the  recorded  weights  at  the  two  scales. 

Based  on  the  weights  indicated  by  the 
lever-arm  scale,  table  3  shows  the  variation 
in  the  average  error  of  the  electronic  scale 
for  various  vehicle  speeds.  The  difference 
between   the    weight   of  an    individual   axle 


as  recorded  by  the  electronic  scale  while 
trucks  were  moving  at  their  normal  speeds 
and  its  weight  as  recorded  statically  on  the 
lever-arm  scale  was,  on  an  average,  about 
600  pounds  for  single  axles  and  for  the  first 
axle  of  dual  axles.  The  average  error  for 
the  second  axle  of  dual  axles  was  2,300 
pounds.  On  a  percentage  basis,  these  er- 
rors amount  to  6.5  percent  for  single  axles, 
4.4  for  the  first  of  dual  axles,  and  16.7  for 
the  second  of  dual  axles.  At  other  speeds, 
the  errors  in  some  cases  were  higher  than 
at  normal  speeds  and  in  some  cases  lower, 
there  being  no  consistency  in  the  effect  of 
speed. 


The  errors  shown  in  table  3,  which  was 
just  discussed,  are  average  values  for  in- 
dividual axles.  Some  of  the  weights  re- 
corded by  the  electronic  scale  were  higher 
and  some  were  lower  than  the  weights  as 
recorded  at  the  lever-system  scale.  If  the 
cumulative  weight  of  all  trucks  recorded  at 
the  one  scale  is  compared  with  the  cumu- 
lative weight  of  the  same  trucks  at  the 
other  scale,  the  errors  are  much  lower,  as 
shown  in  table  4.  For  example,  table  4 
shows  that  if  it  is  desired  only  to  obtain  the 
total  tonnage  on  the  highway  during  the 
study  period,  the  results  obtained  by  the 
electronic    scale   would,   on   an    average,  be 
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Figure  15. Accuracy  of  electronically  recorded  axle    freights  of  trucks  operating  at  various  speeds. 
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Table  3. — Average  absolute  errors  in  recorded  axle  weights  for  trucks  at  various  speeds1 


Speed  of  trucks 

Error  in  pounds 

Error  in  percent 

Single 
axles 

Dual  axles 

Single 
axles 

Dual  axles 

First 

Second 

First 

Second 

10  m.p.h                                                        

20  m.p.h 

500 

915 

1,350 

1,333 

612 

815 

450 
325 
878 
850 

600 

755 

3.5 
5.6 

9.1 
9.8 

6.5 

6.9 

5.3 

5.1 
7.4 
6.1 

4.4 

6.3 

1,025 
1,050 
1,100 

2,300 

1,517 

16.0 
9.0 

7.6 

16.7 
12.2 

30  m.p.h 

Weighted 

Table    4. — Average    algebraic    error    in 

recorded    weights    for    trucks    at 

various   speeds 


Speed  of  trucks 

Single  axles 

Dual  axles 

10  m.p.h 

20  m.p.h 

30  m.p.h 

40  m.p.h 

Lb. 

+  300 

-5 

-250 

+  1,333 

+  82 

+  166 

Percent 

2.1 

.0 

1.7 

9.8 

.9 

1.5 

Lb. 

+  50 
+  675 
+  275 
+258 

+905 

+  482 

Percent 

0.6 

10.1 

2.4 

1.8 

7.1 

4.2 

Weighted  average 

1  Based  on  total  of  96  axle  weights. 


160  pounds  higher  for  each  single  axle  and 
482  pounds  higher  for  each  dual  axle  than 
the  results  at  the  lever-arm  scale.  The 
total  weight  of  all  single  axles  as  recorded 
by  the  electronic  scale  with  the  trucks  in 
motion  was  1.5  percent  higher  than  their 
static  weight  recorded  at  the  conventional 
lever-arm  scale.  The  corresponding  figure 
for  dual  axles  was  4.2  percent. 

High  Truck  Speeds 

The  normal  speeds  of  trucks  were  higher 
at  the  electronic  scale  than  on  the  average 
highway.  Figure  16  shows  that  74.3  per- 
cent of  the  trucks  exceeded  45  miles  per 
hour  and  40  percent  exceeded  50  miles  per 
hour,  with  2  percent  in  the  65-70-mile 
range.  The  average  speed  was  48.4  miles 
per  hour.  These  are  the  speeds  that  the 
trucks  were  traveling  when  their  weights 
were  recorded  by  the  electronic  scale,  ex- 
cept during  special  tests  when  the  trucks 
were  purposely  slowed  by  special  signs  and 
police-officer  control. 

Vibrations  in  the  slab  appeared  to  be 
causing  erroneous  weight  recordings  for 
axles  that  crossed  the  scale  immediately  be- 
hind other  axles.  These  vibrations  were 
the  aftermath  of  the  suddenly  applied  wheel 
loads.  Support  by  an  additional  load  cell 
placed  under  the  center  of  the  slab  would 
have  reduced  the  bending  moments  pro- 
duced by  the  loads  and  probably  reduced 
the  magnitude  of  the  vibrations.  This, 
however,  would  have  required  changes  in 
the  design  and  calibration  of  the  weighing 
kit  since  it  had  already  been  modified  from 
a  single-cell  unit  to  one  for  use  with  four 
load  cells  (but  not  five). 

As  an  alternative  to  an  additional  sup- 
port, vertical  bolts  extending  through  the 
floating  slab  and  securely  anchored  to  the 
bottom  of  the  pit  were  installed  at  the  cen- 
ter and  at  each  end  of  the  floating  slab. 
Tightening  the  nuts  on  the  bolts  against 
the  top  of  the  slab  permitted  the  load  cells 
and  the  slab  to  be  preloaded.  Tension  up 
to  6,000  pounds  could  be  applied  to  each 
of  the  three  bolts.  Preloading  the  slab 
would  change  its  vibration  period,  thus  per- 
mitting additional  data  to  be  obtained  for 
a  study  of  the  vibration  problem. 

After  a  load  had  been  applied  with  the 
bolts,  the  weight-recording  instruments 
were  adjusted  to  show  a  zero  load  with  no 
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Figure  16. — Normal  operating  speeds  of  trucks  at  the  electronic  scale 

location. 


truck  on  the  scale.  With  a  truck  axle  of  a 
known  weight  on  the  scale,  however,  the 
weight  as  shown  by  the  scale  dials  was  less 
than  the  actual  weight  of  the  axle  by  the 
amount  that  the  tension  in  the  bolts  was 
reduced  due  to  the  additional  bending  of 
the  slab.  For  example,  a  truck  having  a 
weight  of  18,000  pounds  when  there  was 
no  tension  on  the  bolts  showed  an  indicated 
reading  of  14,600  pounds  on  the  dials  when 


there  was  an  initial  load  of  4,200  pounds 
on  the  center  bolt  and  no  load  on  the  end 
bolts.  Likewise,  with  5,000  pounds  on  the 
center  bolt  and  6,000  pounds  on  each  end 
bolt,  the  dials  showed  a  reading  of  only 
10,400  pounds  for  the  18,000-pound  axle 
weight.  It  was  therefore  necessary  to  cali- 
brate the  scale  each  time  that  a  change 
was  made  in  the  tension  placed  in  the  bolts 
to  preload  the  slab. 


14,500  LB. 
12,600  LB. 
9,200   LB. 


I  ST   AXLE 

11,200   LB. 

9,100  LB. 

9,200   LB. 


WEIGHT     FROM    PATTERN 
MAXIMUM     PEAK 
CENTER    PEAK 
CORRECT 


Figure  17. — W  eight  pattern  of  a  dual  axle  traveling  45  miles  per  hour, 
with  no  preloading  of  the  floating  slab. 
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Preloading  Improved  Accuracy 

The  preloaded  scale  was  calibrated  by 
recording  the  static  weights  of  several  axles 
on  both  the  electronic  and  lever-arm  scale 
immediately  prior  to  each  test  in  which  ve- 
hicles in  motion  were  weighed.  This  pro- 
cedure was  necessary  to  eliminate  the  ef- 
fects of  temperature  changes  which  affect 
the  amount  of  tension  in  the  bolts. 

Tests  following  the  addition  of  the  bolts 
showed  that  the  preloading  produced 
smoother  oscilloscope  weight  patterns  and  a 
greater  accuracy  in  the  weighing  of  vehi- 
cles in  motion.  Figure  17  shows  the  weight 
pattern  recorded  for  a  dual  axle  on  a  truck 
traveling  45  miles  per  hour  when  the  slab 
was  not  preloaded.  Figure  18  shows  the 
same  information  for  another  truck,  also 
traveling  about  45  miles  per  hour,  when  the 
slab  was  preloaded  2,500  pounds  by  the 
center  bolt. 

In  figure  17,  each  division  of  the  vertical 
scale  represents  1,000  pounds.  The  peak 
of  the  pattern  for  the  first  axle  represents 
a  load  of  11,200  pounds,  or  2,000  pounds 
more  than  the  correct  weight  of  the  axle. 
The  peak  of  the  pattern  for  the  second 
axle  represents  a  load  of  14,500  pounds,  or 
5,300  pounds  more  than  the  correct  weight 
of  the  axle.  Examination  of  the  pattern 
shows  that  the  correct  weights  of  the  axles 
are  represented  by  the  second  peak  in  the 
pattern  for  the  first  axle,  and  by  the  third 
peak  in  the  pattern  for  the  second  axle. 
This  relation  did  not  always  hold  true,  how- 
ever, and  while  it  was  generally  possible  for 
someone  familiar  with  the  shape  of  the  pat- 
terns to  estimate  the  weight  of  axles  with 
a  high  degree  of  accuracy  by  using  a  little 
judgment,  a  satisfactory  scale  must  show 
consistent  results  without  involving  per- 
sonal opinion. 

The  shape  of  the  pattern  in  figure  18  and 
other  patterns  made  with  the  slab  preloaded 
by  applying  tension  on  the  bolts  was  gen- 


Table  5. — Effect  of  preloading  of  floating  slab  on  average  absolute  errors  in  recorded 

weights   of  individual   axles 


Load  on  floating  slab 

Dual  axles 

Single  axles 

First 

Second 

No. 

Error 

No. 

Error 

No. 

Error 

No  preloading 

4,200  pounds  on  center  bolt 
5,000  pounds  on  center  bolt;  6,000 
pounds  on  each  end  bolt 

45 
17 

29 

Lb. 

1,213 
767 

625 

Percent 

14.3 

7.2 

5.5 

13 
6 

10 

Lb. 
1,442 
592 

790 

Percent 
15.3 
4.9 

6.0 

13 
6 

11 

Lb. 
2,246 
928 

1,140 

Percent 

23   9 
7.2 

8.7 

Table  6. 


-Effect  of  preloading  of  floating  slab  on  average  algebraic  error  in  recorded  total 
weights   for   all   axles 


Load  on  floating  slab 

Dual  axles 

Single  axles 

First 

Second 

No. 

Error 

No. 

Error 

No. 

Error 

No  preloading 

4,200  pounds  on  center  bolt 

5,000  pounds  on  center  bolt;  6,000 
pounds  on  each  end  bolt 

45 
17 

29 

Lb. 

686 
21 

63 

Percent 

8.1 

.2 

.6 

13 
6 

10 

Lb. 
242 

541 

-400 

Percent 
2.6 

4.5 

3.0 

13 
6 

11 

Lb. 
1,731 
728 

-195 

Percent 
18.3 

5.7 

1.5 

erally  less  erratic  than  the  patterns  made 
without  preloading  the  floating  slab.  All, 
however,  were  not  as  uniform  as  those  of 
figure  18,  nor  did  the  weights  correspond 
as  closely  with  the  correct  weight  of  the 
axles.  The  patterns  continued  to  show 
peaks  of  the  same  frequency  regardless  of 
the  load  on  the  bolts,  apparently  proving 
that  the  major  peaks  and  valleys  were  not 
caused  by  vibrations  of  the  slab  or  by  im- 
pact loads  produced  by  the  trucks. 

The  effect  that  preloading  had  on  the 
accuracy  of  the  scale  for  weighing  trucks 
traveling  at  their  normal  speeds  is  shown 
by  figure  19.  Prior  to  the  tests  during 
which  these  data  were  obtained,  the  bearing 
plates  of  the  load  cells  were  not  adjusted 
so  that  each  cell  carried  the  same  portion 


Figure  18. — Weight  pattern  of  a  dual  axle  traveling  45  miles  per  hour,  with 
preloading  of  2,500  pounds  at  the  center  of  the  floating  slab. 
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of  the  dead  weight  of  the  slab.  The  ad- 
justment was  omitted  because  it  was  one 
purpose  of  the  test  to  determine  whether 
preloading  of  the  slab  and  cells  would  elimi- 
nate the  need  of  such  an  adjustment.  The 
results  as  shown  by  the  upper  chart  in 
figure  19  are  therefore  more  erratic  than 
those  of  figure  15,  which  were  obtained 
with  the  best  possible  adjustment  of  the 
bearing  plates. 

A  study  of  the  results  shown  in  figure  19 
indicates  that  there  was  a  definite  improve- 
ment in  the  accuracy  of  the  scale  when  the 
slab  was  preloaded.  A  few  erratic  results 
were  obtained,  however,  especially  for  the 
second  axle  of  the  dual  axle  shown  in  the 
lower  left-hand  chart  of  figure  19  for  which 
a  weight  of  10,800  pounds  was  recorded 
while  its  correct  weight  was  17,800  pounds. 
It  is  believed  that  in  this  case  one  tire  of 
the  axle  was  not  on  the  scale  as  the  truck 
passed  the  study  location.  This  would  have 
been  called  to  the  attention  of  the  scale 
operator  had  the  lateral  placement  detector 
been  in  use  during  this  test.  Such  an  oc- 
currence was  so  rare  after  the  rubber  cones 
were  placed  on  the  lane  line  that  use  of  the 
placement  detector  was  considered  unneces- 
sary. 

The  average  errors  of  the  electronic  scale 
with  and  without  preloading  of  the  slab  are 
shown  in  tables  5  and  6.  In  table  5,  the 
average  errors  in  the  recorded  weights  of 
individual  axles  are  shown.  Preloading  the 
slab  by  placing  either  a  tension  of  4,200 
pounds  on  the  center  bolt  or  5,000  pounds 
on  the  center  bolt  and  6,000  pounds  on  each 
of  the  end  bolts  reduced  the  magnitude  of 
the  errors,  measured  in  pounds,  by  an  aver- 
age of  about  50  percent.  Measured  as  a 
percentage  of  the  actual  weight,  preloading 
the    slab    cut    the   errors    in   the    recorded 
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weights  of  individual  axles  by  at  least  half 
and  in  most  cases  by  considerably  more 
than  half  of  what  they  were  without  pre- 
loading the  slab. 

Table  6  shows  that  when  the  slab  was 
preloaded  the  total  weight  of  all  axles  re- 
corded while  the  trucks  were  traveling  at 
their  normal  speeds  was  remarkably  close 
to  their  total  static  weight.  With  a  ten- 
sion of  5,000  pounds  on  the  center  bolt  and 
6,000  pounds  on  each  end  bolt,  the  cumula- 
tive  errors   were    plus   0.6    percent   for  the 


single  axles,  minus  3.0  percent  for  the  .first 
of  the  dual  axles,  and  minus  1.5  percent 
for  the  second  of  the  dual  axles.  These 
are  well  within  the  limits  of  precision  neces- 
sary for  such  highway-planning  purposes  as 
a  determination  of  gross  tonnage  of  trucks 
traveling  over  a  highway. 

A  factor  which  may  have  resulted  in 
charging  errors  to  the  electronic  scale  im- 
properly, throughout  these  studies,  was  the 
assumption  that  both  axles  of  a  dual  axle 
carried  the  same  weight  whenever  separate 


/ 

1 

• 

o 

». 

O 

r    ( 

) 

• 

c 

■>    ■ 

)! 

/  y 

.  f 

o   «g 

i 

' 

• 

X 

X 

V* 

>       < 

»  /* 

i 

< 

• 

y 

c 

• 

',■" ' 

y/ 

0 

r 

• 

w 

* 

tf       > 

• 
• 

NO  WEIGHT  ON  BOLTS 
•     SINGLE  AXLE 
X     FIRST  OF  DUAL  AXLE 
O     SECOND  OF  DUAL  AXLE 

readings  were  not  taken  at  the  lever-sys- 
tem scale.  For  63  percent  of  the  dual 
axles,  the  second  axle  weighed  more  than 
the  first  axle,  according  to  the  lever-arm 
scale.  The  reverse  was  true  for  the  other 
37  percent.  Table  7  shows  the  magnitude 
of  the  differences  in  weight  between  the  two 
axles  of  the  duals.  The  difference  in  four 
cases  was  about  4,000  pounds.  Since  sep- 
arate weights  were  obtained  at  the  lever- 
system  scale  for  less  than  50  percent  of 
dual  axles  weighed  at  the  electronic  scale, 
the  assumption  that  equal  weights  were 
carried  on  both  axles  of  a  dual  axle  when 
they  were  not  weighed  separately  probably 
caused  many  of  the  major  indicated  errors 
of  the  electronic  scale. 

Table  7. — Distribution  of  weight  differentials 
between   the   two  axles   of  duals 


Difference  in  weight 

Number  of  dual  axles 

Pounds 
Under  500 

Percent 
30.6 
18.4 
32.6 
18.4 

BOO  to  999 

1,000  to  1,999 

2,000  or  more.  .  .  . 

Other  Improvements  Tried 

While  it  is  realized  that  the  method  used 
for  preloading  the  slab  would  not  be  satis- 
factory for  a  practical  scale  because  fre- 
quent recalibration  would  be  required,  the 
method  did  provide  a  means  of  studying 
the  causes  of  inaccuracies.  For  a  practical 
installation,  additional  load  cells  to  mea- 
sure the  tension  in  the  bolts  should  be  con- 
nected in  parallel  with  the  present  cells. 
This    would   eliminate   the    need   for   recali- 
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Figure   19. — Accuracy  of  electronically  recorded  axle  weights,  with   no  preloading  of  the  floating  slab  (above),  with  preloading  at  the 

center,  and  with  preloading  at  the  center  and  both  ends. 
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brating    the    instrument    with     changes    in 
temperature. 

As  a  further  effort  to  improve  the  scale's 
accuracy,  the  electrical  circuits  were  changed 
to  include  an  integrator.  Basically,  the 
purpose  of  the  integrator  is  to  smooth  the 
pattern  by  reducing  the  magnitudes  of  the 
valleys  and  peaks,  and  to  change  the  be- 
havior of  the  oscilloscope  spot  so  that  the 
load  deflections  are  only  in  the  one  direc- 
tion. This  makes  it  possible  to  calibrate 
the  screen  so  that  each  horizontal  line  rep- 
resents a  certain  load,  thereby  eliminating 
the  need  for  measuring  the  total  length  of 
the  ordinate  of  a  weight-pattern.  Figure  20 
shows  a  calibration  pattern  using  the  inte- 
grator, and  figures  21  and  22  show  typical 
weight  patterns  for  trucks  when  the  inte- 
grator was  used.  The  accuracy  of  the  scale 
using  the  integrator  was  not  always  as 
good,  however,  as  figures  21  and  22  indi- 
cate. The  results  obtained  during  its  use, 
as  shown  by    figure  23,  are  too  limited  to 
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Figure  21. — W  eight  patterns  for  a  single  axle  and  a  dual  axle,  using  the  inte- 
grator (oscilloscope  sweep  at  high  speed). 
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Figure  20. — tt  eight  calibration  pattern  with  an  integrator  used  in 

the  circuit. 


formity  of  the  results.  They  appear  to 
compare  favorably  with  results  obtained 
with  the   oscilloscope. 

Speed  and  Axle  S pacings  Measured 

The  equipment  used  for  electronic  weigh- 
ing also  permits  the  recording  of  vehicle 
speeds  and  axle  spacings  at  the  same  time. 
Figures  26  and  27  show  the  accuracy  in 
axle  spacings  obtained  with  the  electronic 
weighing  equipment. 

More  accurate  measurements  of  axle  spac- 
ings were  possible  after  the  square-wave 
generator  was  available  to  insert  time 
marks  on  the  screen  than  without  the  gen- 
erator. The  average  error  in  measuring 
axle  spacings  was  0.5  foot  without  using 
the  generator  and  0.4  foot  with  the  genera- 
tor. These  figures  are  based  on  the  as- 
sumption that  the  manual  measurements 
of  axle  spacings  were  correct  to  the  nearest 
tenth  of  a  foot.     It  is  highly  probable,  how- 
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use  as  a  basis  for  determining  whether  or 
not  the  integrator  helped  to  improve  the 
accuracy  of  the  scale. 

In  the  latest  change  made  on  the  scale, 
an  oscillograph  was  substituted  for  the  os- 
cilloscope as  the  recording  instrument. 
The  advantages  or  disadvantages  of  this 
change  cannot  be  determined  without  fur- 
ther tests.  The  oscillograph  does,  however, 
have  one  important  advantage — a  perman- 
ent record  is  obtained  immediately  without 
the  need  of  taking  a  picture  or  developing 
a  film.  The  type  of  record  made  by  the 
oscillograph  is  shown  in  figure  24,  and  the 
data  recorded  during  its  use  are  shown  in 
figure  25.  Since  the  oscillograph  had  not 
been  calibrated  to  show  the  load  in  pounds, 
figure  25  is  useful   only  to   show  the  uni- 


Figure  22. — Weight  pattern 
for  a  three-axle  truck,  us- 
ing the  integrator  (oscil- 
loscope sweep  at  normal 
speed). 
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Figure    23. — Accuracy    of    electronically    recorded    axle    tveights, 
using  the  integrator. 

ever,  that  the  results  obtained  electronically 
are  more  accurate  than  those  obtained  man- 
ually. Great  care  was  not  taken  in  the 
manual  measurements  because  it  was  not 
expected  that  the  electronic  measurements 
made  while  the  trucks  were  traveling  at 
their  normal  speeds  would  be  accurate  to 
within  less  than  one  foot. 


Design  Improvements 

The  results  and  observations  presented  in 
this  progress  report  are  those  that  have 
been  obtained  to  date.  The  scale  is  now 
being  modified  both  structurally  and  electri- 
cally to  embody  several  of  the  features  that 
the  tests  thus  far  have  shown  to  be  desir- 
able. Electronic  improvements  have  al- 
ready been  discussed  in  the  description  of 
the  circuitry. 

The  major  change  being  made  in  the 
structural  design  involves  the  location  of 
the  load  cells.  In  the  original  design,  the 
load  cells  were  nearly  10  feet  apart  in  the 
transverse  direction  of  the  roadway.  The 
tread  width  of  the  heavier  trucks  is  approx- 
imately 8  feet,  measured  from  outside  to 
outside  of  tires.  The  centers  of  the  loads 
transmitted  to  the  pavement  by  the  two 
sets  of  dual  tires  on  one  axle  are  thus  about 
6  feet  apart. 

Locating  the  load  cells  so  that  they  are 
directly  under  the  tires  should  practically 
eliminate  the  bending  moments  in  the  slab 
and  the  resulting  vibrations.  In  the  modi- 
fied design,  the  load  cells  are  being  placed 
GVi  feet  apart. 
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Figure  24. — Oscillograph   recording  of  axle  weights  of  a  four- 
axle  tractor-semitrailer. 
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Figure  25. — Uniformity  of  oscillograph  recordings  of  axle 
tveights. 


Tie  bars  to  prevent  any  horizontal  move- 
ment of  the  floating  slab  are  also  being 
located  at  the  surface  of  the  pavement. 
These  will  supplement  those  already  in- 
stalled, which  are  about  15  inches  below  the 
surface.  There  are  other  changes  that 
would  be  desirable  but  which  cannot  be  in- 
corporated in  the  present  scale  without  re- 
building the  entire  pit  and  slab.  For  ex- 
ample, three-point  suspension,  which  is  en- 
tirely feasible,  might  ultimately  be  adopted 
should  too-frequent  adjustment  of  the  bear- 
ing plates  in  a  four-point  suspension  sys- 
tem be  found  to  be  necessary. 

One  essential  improvement  which  has  not 
been  mentioned  is  the  waterproofing  of  the 
load  cells.  The  load  cells  used  in  these 
tests  were  housed  in  a  supposedly  water- 
proof jacket  with  a  bag  of  silica  gel  to  de- 
humidify  the  air  within  the  jacket.  On  two 
occasions  a  cell  was  replaced  because  the 


jacket  became  filled  with  water.  At  the 
end  of  the  tests,  three  of  the  jackets  were 
filled  with  water  and  the  fourth  was  damp. 
Moisture,  of  course,  destroys  the  accuracy 
of  resistance-wire  strain  gages.  It  is  prob- 
able that  some  water  in  the  cell  jackets 
penetrated  the  water-resistant  coatings  of 
the  strain  gages  and  introduced  undetected 
errors  before  a  saturation  of  the  gages, 
which  caused  obvious  errors,  made  it  neces- 
sary to  replace  the  cells.  Those  now  being 
installed  are  moistureproof  in  themselves, 
and  should  serve  satisfactorily. 

With  the  changes  that  are  now  being 
made,  there  is  reason  for  confidence  that 
the  electronic  scale  will  provide  a  means  of 
obtaining  data  for  highway  planning  and 
permit  enforcement  of  legal  limits  at  low 
costs  and  without  inconveniencing  the  large 
majority  of  truck  operators  who  load  pro- 
perly. 
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Figure  27. — Errors  in  electronically  recorded  axle  spacings, 
at  normal  road  speeds. 
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HIGHWAY  STATISTICS,  1950 

Now  available  is  the  Bureau  of  Public 
Roads'  Highway  Statistics,  1950,  the  sixth 
of  the  bulletin  series  presenting  annual 
statistical  and  analytical  tables  of  general 
interest  on  the  subjects  of  motor  fuel,  motor 
vehicles,  highway-user  taxation,  financing  of 
highways,  and  highway  mileage.  Included 
for  the  first  time  is  information  concerning 
the  financing  of  local  streets.  Highway 
Statistics,  1950  is  for  sale  by  the  Superin- 
tendent of  Documents,  U.  S.  Government 
Printing  Office,  Washington  25,  D.  C,  at 
60  cents  a  copy.  The  full  series  of  the  an- 
nual bulletins  are  available  from  the  Super- 
intendent of  Documents,  as  indicated  on  the 
inside  back  cover  of  Public  Roads. 
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Weathering  Tests  on  SR-4  Strain  Gages 


BY  THE  PHYSICAL  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


Reported  by  E.  G.  WILES 

Highway  Physical  Research  Engineer 


The  use  of  SI{—4  strain  gages  to  deter- 
mine strains  in  steel  bridges  is  important  in 
highway  research.  For  such  work  it  is  de- 
sirable that  the  gages  be  attached  and  pro- 
tected so  that  not  only  can  they  be  used 
when  first  installed  to  record  strain  caused 
by  loads,  but  also  re-used  for  a  similar  pur- 
pose at  some  later  time,  possibly  after  a  rela- 
tively long  period  of  time  has  elapsed. 
Tests  of  several  commercial  materials,  re- 
ported in  this  article,  demonstrate  that  some 
of  them  will  serve  satisfactorily  for  cement- 
ing and  weatherproofing  the  gages  for  at 
least  3 1/2   years. 

PREPARATORY  to  a  test  program  in 
which  strains  caused  by  different  types 
and  magnitudes  of  vehicular  loads  on  high- 
way bridges  are  to  be  determined,  two  ques- 
tions needed  to  be  answered:  Can  SR-4 
electrical  resistance  strain  gages  be  main- 
tained in  working  condition  over  a  period 
of  a  few  days  when  exposed  to  severe 
weather  conditions;  and  can  they  be  main- 
tained over  longer  periods  of  time  and  re- 
used when  needed  for  additional  tests  on 
the  same  structure?  In  answer  to  these 
questions,  the  limited  study  reported  here 
shows  that  SR-4  strain  gages  can  be  satis- 
factorily weatherproofed  so  as  to  record 
faithfully  even  after  long  periods  of  ex- 
posure to  the  weather. 

Method  of  Test 

Although  other  work  has  been  done  on 
this  problem,  the  rather  simple  means 
adopted  to  determine  the  effectiveness  of 
the  gages  and  certain  combinations  of  ce- 
ments and  weatherproofing  materials  have 
not  been  previously  described  in  the  litera- 
ture. 

In  July  1948,  24  type  A-3  SR-4  electrical 
resistance  strain  gages  were  installed  in 
pairs  on  opposite  sides,  in  the  center  of  each 
of  twelve  %-  by  2-  by  14-inch  cold-rolled 
steel  bars.  Different  kinds  of  cements, 
weatherproofing  materials,  and  installation 
techniques  were  used,  varying  from  no 
covering  over  the  gages  to  a  rather  heavy 
combination  of  coverings.  The  bars  were 
then  exposed  to  the  weather. 

At  periodic  intervals,  to  determine 
whether    or    not    the    gages   were    function- 


ing, each  steel  bar  was  supported  as  a  sim- 
ple beam  with  a  12-inch  span  length  and  a 
fixed  load  was  applied  at  the  third  points. 
Strain  measurements  were  made  at  no  load 
and  again  under  the  load  condition,  and  the 
strain  difference  computed.  Since  the  same 
loading  was  used  throughout  the  tests,  the 
strain  difference  remained  relatively  con- 
stant in  all  cases  where  the  gages  were  per- 
forming properly. 

Preparation  of  Specimens 

The  cold-rolled  steel  bars  used  as  speci- 
mens were  first  cleaned  and  painted.  Areas 
for  the  gages  and  for  bearings  for  third- 
point  loading  and  support  were  kept  free 
from  paint  during  painting  operations  by 
covering  with  pieces  of  cellulose  tape.  The 
tape  was  removed  after  the  paint  dried. 

For  identification  purposes,  .bars  were 
stamped  A,  B,  C,  etc.,  through  L  and,  in 
order  that  bars  might  be  kept  in  the  same 
position  when  exposed,  a  letter  T  (for  top) 
was  marked  on  one  side  of  each  bar. 

The  gages  were  of  the  electrical  resis- 
tance type  and  were  purchased  commer- 
cially. The  gage  wire  was  a  cupro-nickel 
alloy  and  was  cemented  to  a  thin  paper 
backing  which  made  possible  easy  applica- 
tion to  a  test  specimen.  The  effective  gage 
length  was  thirteen-sixteenths  of  an  inch. 
The  resistance  of  each  gage  was  approxi- 
mately 120  ohms  and  the  gage  factor,  which 
is  the  ratio  of  unit  change  in  resistance  to 
unit  change  in  length,  was  determined  by 
calibration  by  the  manufacturer  as  2.05 
±    1    percent. 

Before  installing  the  gages,  the  surface 
of  the  metal  was  sandpapered  and  then 
washed  with  carbon  tetrachloride  and  ace- 
tone. Three  kinds  of  cement  weVe  used  to 
attach  the  gages  to  the  steel  bars,  as  fol- 
lows: 

Fourteen  gages,  on  specimens  A,  D,  F,  G, 
H,  K,  and  L,  were  attached  by  SR-4  cement 
purchased  from  the  Baldwin-Lima-Hamil- 
ton Corporation  as  part  of  a  kit  of  cement- 
ing materials. 

Six  gages,  on  specimens  B,  E,  and  I,  were 
attached  with  Duco  household  cement  pur- 
chased locally  in  Washington,  D.  C.,  in  a 
tube. 

Four  gages,  on  specimens  C  and  J,  were 
attached  with  HO  cement  furnished  by  the 
Celanese  Plastics  Corporation.  On  specimen 
J,  the  heat  from  two  250-watt  infrared 
lamps  was  concenti-ated  on  the  gages  for 
20  minutes  after  gage  application. 


Pairs  of  stiff  lead  wires,  24-gage  (0.020- 
inch  diameter)  phosphor  bronze,  were  sol- 
dered to  and  at  right  angles  with  the  gage 
pigtails.  Pieces  of  adhesive  tape  were  used 
as  insulation  between  the  lead  wires  and 
the  steel  bar.  Additional  tape  over  the 
wires  held  them  parallel  and  against  the 
surface  of  the  insulating  tape.  Lead  wires 
from  the  top  and  bottom  gages  extended 
out  from  opposite  edges  of  the  bar  V/2  inches 
beyond  and  perpendicular  with  the  edge. 

After  4  days  the  gages  were  coated  with 
the  different  types  of  weatherproofing  ma- 
terial, except  for  gages  on  specimens  A,  B, 
and  C,  which  were  left  uncoated. 

Gages  on  specimens  D  and  J  were  coated 
with  approximately  one-sixteenth-inch  thick- 
ness of  melted  Petrosene  A  wax  purchased 
from  the  Baldwin-Lima-Hamilton  Corpora- 
tion. On  specimen  J,  over  this  wax  coat- 
ing was  placed  another  coat  of  approximate- 
ly one-eighth-inch  thickness  of  Ozite  B 
heated  to  400°  F.  This  material  was  pur- 
chased from  the  G.  and  W.  Electric  Spe- 
cialty Company. 

Gages  on  specimen  E  were  coated  with 
approximately  one-sixteenth-inch  thickness 
of  vaseline  from  available  stock.  Gages  on 
specimens  F  and  G  were  covered  with  Dow- 
Corning  silicone  ignition  sealing  compound 
about  one-sixteenth-inch  thick:  Gages  on 
specimen  F  were  covered  with  C24  com- 
pound and  those  on  specimen  G  with  C28 
compound. 
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Figure   I — Mercury  connector. 
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Gages  on  specimen  H  were  coated  with 
approximately  one-sixteenth-inch  thickness 
of  melted  ceresin  wax  purchased  on  Gov- 
ernment contract  from  the  J.  T.  Baker 
Chemical  Company.  Gages  on  specimen  I 
were  first  coated  with  about  one-sixteenth- 
inch  thickness  of  Ozite  A  heated  to  400°  F., 
followed  by  a  wrapping  of  electrician's  rub- 
ber tape  and  a  second  wrapping  of  friction 
tape.  This  top  surface  was  then  covered 
with  another  coating  of  Ozite  A. 

Gages  on  specimen  K  were  covered  with 
approximately  one-eighth-inch  thickness  of 
Fenox  No.  3005  furnished  by  the  Bakelite 
Corporation.  Gages  on  specimen  L  were 
covered  with  Short  Stop,  a  dry-sealing  in- 
sulator purchased  from  Buchanan  Associ- 
ates, Inc. 

The  materials  used  for  adhesives  and  for 
weatherproofmg  in  these  tests  were  selected 
because  they  seemed  to  have  possibilities  for 
these  purposes.  Similar  materials,  produced 
by  other  manufacturers,  might  have  been 
equally  as  effective  as  those  covered  in  this 
report.  Furthermore,  some  of  the  materials 
that  were  tested  and  found  to  be  unsatis- 
factory were  not  produced  for  this  use  by 
their  manufacturer;  consequently  their  fail- 
ure is  not  an  indication  of  poor  quality. 

Mercury  Connectors 

Special  mercury  connectors  were  con- 
structed to  connect  the  phosphor-bronze 
lead  wires  to  a  suitable  recording  instru- 
ment. The  connectors  were  a  modification 
of  an  existing  design1  and  were  particularly 


Figure  2. — Appearance  of  gages  at  beginning  of  weathering  tests. 


1  Improved  techniques  and  devices  for  stress  analysis  with 
resistance  wire  gages,  by  W.  V.  Bassett,  H.  Cromwell,  and 
W.  E.  Wooster.  Proceedings  of  the  Society  for  Experi- 
mental   Stress  Analysis,  vol.    Ill,  No.  2,  p.  76. 


suitable  because  of  their  low  and  constant 
contact  resistance.  The  two  principal  mod- 
ifications of  these  connectors  were  the  use 
of  stainless-steel  bullet-nosed  tips  at  the 
terminal  ends  in  the  mercury  wells,  to  aid 
in  making  direct  contact  with  the  phosphor- 
bronze  wires  after  they  have  been  pushed 
into  the  wells;  and  the  use  of  cross-slitted 
rubber  biological  stoppers  as  diaphragms, 
to  hold  back  the  mercury.  No.  18  solid  cop- 
per insulated  wires  connected  the  mercury 
connectors  to  the  recording  instrument.  A 
drawing  of  the  modified  connectors,  as  used 
on  these  tests,  is  shown  in  figure  1. 

The  ends  of  the  stiff  phosphor-bronze 
lead  wires  connected  to  the  gages  and  ex- 
tending out  from  the  edge  of  the  bar  are 
guided  into  the  bottom  of  the  tubes  through 
the  small  inverted  funnels.     By  holding  the 


Figure  3. — Equipment  for  making  strain  measurements. 
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wires  firmly  and  giving  a  slight  push,  the 
ends  of  the  wires  can  be  forced  through 
the  rubber  biological  stoppers  and  into  the 
mercury  wells.  After  readings  are  ob- 
tained the  lead  wires  are  withdrawn.  The 
rubber  diaphragms  close  behind  the  wires 
and  prevent  mercury  from  escaping. 

Weathering  Tests 

The  steel  bars  on  which  the  gages  were 
mounted  were  placed  horizontally  on  a 
wooden  rack,  as  shown  in  figure  2,  and  ex- 
posed to  prevailing  weather  conditions  on 
the  fiat  roof  of  a  building  near  Washington, 
D.  C.  One  gage  on  each  bar  was  exposed 
face  up  to  the  elements  and  the  other  gage 
of  the  pair  was  face  down  towards  the  roof. 
The  rack  was  blocked  up  so  that  air  could 
circulate  freely  under  and  around  the  gages. 
The  conditions  of  exposure  of  pairs  of  these 
gages  simulated  those  to  which  gages  might 
be  exposed  when  mounted  on  horizontal 
bridge  members.  Observations  were  made 
initially  at  intervals  of  a  few  days,  later 
at  weekly  intervals,  and  at  present  the 
observations  are  being  made  at  intervals  of 
approximately  a  month. 

Strain  Measurements 

On  days  when  strain  measurements  were 
to  be  made,  the  rack  full  of  bars  was  brought 
into  the  laboratory  a  few  hours  in  advance 
in  order  that  they  might  adjust  themselves 
to  laboratory  temperature  conditions.  In 
no  case  were  bars  brought  in  when  it  was 
raining  or  when  it  appeared  that  rain  was 
imminent.  At  first,  unpainted  places  on  the 
bars,  left  for  the  load  and  support  bear- 
ings, were  coated  with  grease  to  prevent 
rusting.  The  attempt  at  rust  prevention 
was  not  successful,  however,  and  after  the 
first  few  weeks  no  further  care  was  given 
these  surfaces.  This  had  no  apparent  effect 
on  the  test  results. 

Initially  an  SR-4  Wheatstone  bridge  con- 
trol box  was  used  to  measure  strains,  but 
40  days  after  the  beginning  of  the  tests  a 
type  K  strain  indicator  was  purchased  and 
it  has  been  used  since. 
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As  previously  mentioned,  the  bar  was  de- 
flected as  a  simple  beam  under  loads  ap- 
plied at  the  third  points  of  the  span  length. 
Figure  3  shows  the  equipment  used  for 
applying  load  and  for  measuring  strains. 
A  total  load  of  212  pounds  was  supported 
by  a  chain  hoist,  until  after  the  bar  had 
been  positioned  on  the  supports,  and  an 
initial  no-load  reading  obtained  on  the 
strain  indicator.  The  load  was  then  low- 
ered until  supported  completely  by  the  steel 
bar.  A  yoke  moving  in  guides  kept  the 
third-point  loading  device  and  the  suspended 
weights  in  position.  The  weights,  attached 
by  a  hooked  rod  to  the  yoke,  can  be  seen 
under  the  table.  An  opening  in  the  center 
of  the  table  gave  sufficient  clearance  for  the 
yoke,  supporting  the  weights,  to  move 
freely.  The  type  K  indicator  is  at  the  left 
while  a  Leeds  and  Northrup  type  S  testing 
set,  used  for  measuring  resistances  of  the 
gages,  is  shown  at  the  right.  More  recently 
a  Simpson  model  260  volt-ohm-milliam- 
meter  has  been  used  for  a  more  rapid  check- 
ing of  the  gage  resistances. 

In  order  to  prevent  any  difference  be- 
tween the  two  mercury  terminals  from  af- 
fecting the  strain  readings,  the  upper  strain 
gages  were  always  connected  to  one  termi- 
nal while  the  bottom  gages  were  always 
connected  to  the  other.  These  mercury  ter- 
minals, in  turn,  were  always  connected  cor- 
respondingly to  the  same  terminal  posts  on 
the  strain-measuring  equipment. 

By  having  the  gage  on  the  tension  side 
of  the  beam  serve  as  one  arm  of  a  Wheat- 
stone  bridge  and  the  gage  on  the  compres- 
sion side  serve  as  an  adjacent  arm  of  the 
same  bridge,  temperature  compensation  was 
provided  and  the  strain  magnitude  measured 
was  the  total  for  the  two  gages,  or  double 
that  of  either  the  tension  or  compression 
value.  For  the  conditions  described  the 
combined  strain  measured  was  approxi- 
mately 1,400  microinches.  Normally,  gages 
would  record  this  amount  of  strain  through- 
out their  service  life.  Failure  of  gages  was 
indicated  by  a  marked  change  from  this 
value. 

If  failure  occurred  in  the  top  gage  of  a 
beam  being  loaded,  the  mercury  terminal 
normally   used   to   connect   to    it   was    con- 
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Table  1. — Materials  and  service  lives  of  SR-4  strain  gages  in  weathering  tests 


Specimen 
No. 

Cement 

Weatherproofing  materia! 

Service  life 

Top  gage 

Bottom  gage 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 
K 
L 

SR-4 

Duco 

HO 

SR-4 

Duco 

SR-4 

SR-4 

SR-4 

Duco 

Ho      

SR-4 
SR-4.  . 

None 

Days 

224 

224 

224 
1,300  + 

441 

186 

224 

257 

1,300  + 

1,300  + 

1,300  + 

25 

Days 

186 

116 

116 
1,300  + 

441 

580 

818 

257 
1,300  + 
1,300  + 
1,300  + 
1,300  + 

Vaseline 

Fenox  No.  3005 

Short  Stop 

nected  instead  to  the  top  gage  on  another 
bar.  This  second  bar  was  not  loaded,  but 
was  placed  adjacent  to  the  loaded  one  and 
used  solely  to  compensate  for  temperature 
changes.  A  similar  procedure  was  fol- 
lowed in  case  a  bottom  gage  failed.  In 
these  instances  only  one  gage  was  deformed 
by  the  load  and  consequently  the  strain  re- 
corded was  approximately  700  microinches. 

Service  Life 

Now,  after  approximately  3l/2  years  of  ex- 
posure, it  is  of  interest  that  pairs  of  gages 
on  four  bars  and  the  bottom  gage  on  one 
additional  bar  are  still  functioning  satis- 
factorily. A  tabulation  showing  the  differ- 
ent types  of  cements,  the  weatherproofing, 
and  the  service  life  for  all  of  the  specimens 
is  shown  in  table  1. 

The  six  gages  on  three  bars  that  had  no 
special  weatherproofing  had  surprisingly 
long  service  lives,  from  116  to  224  days. 
The  bottom  gages  failed  first  in  each  case. 

The  appearance  of  the  top  gages  on 
these  bars  after  failure  to  record  strain 
is  shown  in  figure  4.  Moisture,  corrosion, 
and  temperature  changes  caused  the  gages 
eventually  to  peel  away  from  the  surface 
of  the  bar  and  no  longer  respond  to  deform- 
ation caused  by  load.  They  indicate  the 
gage  resistance  of  approximately  120  ohms 
with  a  very  slight  increase  in  strain  under 
load  because  a  small  part  of  their  effective 
gage  length  is  still  in  contact  with  the  bar. 

Of  the  four  pairs  of  gages  still  function- 
ing satisfactorily,  thus  showing  effective 
weatherproofing,     Petrosene     A     wax     and 


Figure  4. — Appearance  of  gages  after  failure  on  bars  A,  B,  and  C. 


Ozite,  either  singly  or  in  combination,  were 
used  on  three  pairs  (on  specimens  D,  I,  and 
J).  Heat  is  required  to  melt  and  apply 
both  of  these  materials,  Petrosene  being  a 
microcrystalline  wax  and  Ozite  a  bitumin- 
ous compound.  For  laboratory  installations 
the  use  of  these  materials  is  not  a  problem. 
For  field  installations,  however,  heating  the 
materials  to  proper  temperatures  and  ap- 
plying them  to  gages,  especially  on  the  un- 
derside of  bridge  members,  might  be  diffi- 
cult. 

The  other  material  that  has  proved  to  be 
effective  in  weatherproofing  a  pair  of  gages 
(on  specimen  K)  is  Fenox  No.  3005,  an 
electrical  sealing  compound.  It  is  slightly 
tacky  and  adheres  readily  to  the  metal  sur- 
face surrounding  the  gages.  It  is  of  putty- 
like consistency  and  can  be  applied  with  a 
spatula  or  the  fingers  and  heating  is  not 
required.  Exposure  does  not  appear  to 
have  changed  its  properties. 

The  bottom  gage  on  the  beam  (specimen 
L)  that  is  still  recording  strain  has  a  coat- 
ing material  different  from  any  of  the 
above.  This  material,  known  as  Short  Stop, 
forms  a  varnishlike  coating,  and  has  con- 
tinued to  give  satisfactory  weathering  pro- 
tection on  the  bottom  gage,  in  spite  of  the 
fact  that  the  top  gage  on  this  same  bar 
was  the  first  one  to  fail.  It  is  a  matter  of 
conjecture  as  to  whether  this  failure  was 
inherent  in  the  gage  itself  or  caused  by 
some  deterioration  of  the  weatherproofing 
material.  For  more  positive  results  in  tests 
of  this  kind  more  than  one  specimen  of 
each  type  of  weatherproofing  should  be  in- 
cluded. However,  it  is  indicated  by  these 
tests  that  SR-4  gages  mounted  on  steel  can 
be  weatherproofed  and  will  record  satisfac- 
torily after  long  periods  of  exposure  to  all 
of  the  usual  weather  conditions. 
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In  standard  practice  the  barrier  line  at  no-passing  zones  on  two-lane  highways 
is  placed  parallel  and  close  to  the  roadway  center-line  marking.  Missouri  and 
Iowa,  hoivever,  place  the  barrier  line  in  the  center  of  the  lane  from  which  passing  is 
prohibited.  The  plan  was  developed  in  Missouri  largely  as  an  economy  measure 
which  has  particular  application  on  narrow  pavement,  for  the  painted  stripe  in 
this  mid-lane  location  is  not  subject  to  constant  wear  by  vehicle  tires.  .4  c^>m- 
parative  study  of  the  two  marking  types,  conducted  in  cooperation  icith  the 
Missouri  State  Highway  Department  on  a  16-mile  section  of  U  S  66.  is  reported 
in  this  article. 

No-passing  zones  on  half  the  test  section  tvere  marked  with  the  Missouri  stand- 
ard, and  on  the  other  half  the  national  standard  was  used.  Two  selected  single- 
direction  no-passing  zones,  one  of  each  type,  were  studied  intensively.  A 
two-direction  no-passing  zone  with  Missouri  markings  was  also  studied.  Informa- 
tion was  collected  on  speeds  and  transverse  placements  of  vehicles  and  on  start- 
ing and  finishing  points  of  all  passing  maneui-ers.  approaching  and  within  these 
zones. 

Some  of  the  traffic  operation  characteristics  differed  but  little  on  the  two  types 
of  markings.  In  critical  conditions  for  transverse  placement,  however,  particu- 
larly for  vehicles  traveling  into  a  no-passing  zone  in  the  face  of  oncoming  traffic. 
or  where  wide  vehicles  were  involved,  the  advantage  was  consistently  with  the 
national  standard  marking.  The  national  standard  also  showed  favorable  per- 
formance in  a  comparison  of  daylight  and  night  driving,  and  in  the  extent  to 
which  drivers  complied  with  the  no-passing  restriction.  Obseurement  of  the  mid- 
lane  barrier  line  by  preceding  vehicles  undoubtedly  caused  some  drivers  to 
encroach,  without  deliberate  intention,  on  the  no-passing  zone  area.  Interviews 
with  drivers  leaving  the  test  section  revealed  no  decisive  preference  for  either 
type  of  marking. 


THE  two-lane,  two-way  highway  is  the 
wheel  horse  of  our  transportation  system. 
For  economic  reasons,  it  will  undoubtedly  per- 
sist as  a  popular  type,  despite  the  operating 
hazards  inherent  in  its  design.  Warranted, 
therefore,  are  the  many  researches  dedicated 
to  improvements  in  the  traffic  capacity,  safety, 
and  other  functional  characteristics  of  this 
most  common  of  all  highway  types. 

Vehicle  overtaking  and  passing  actions  on 
two-lane  highways  are  essential  to  mainte- 
nance of  reasonable  capacities  and  necessary 
flexibility  in  traffic  flow.  Passings  can  nor- 
mally be  undertaken  by  the  driver  at  any  time 
be  is  assured  that  the  left  lane  will  be  free  of 
oncoming  traffic  throughout  the  time  of  his 
maneuver.     The  presence  of  opposing  traffic 


that  might  interfere  with  passing  is  obvious 
when  sight  distances  are  adequate,  hut  wher- 
ever alinenient  changes  or  other  factors  intro- 
duce a  short  sight-distance  condition,  the 
driver  has  no  positive  assurance  that  his 
passing  can  lie  completed  without  interference. 
This  has  led  to  rather  general  use  of  the  no- 
passing-zone  pavement  marking  which  defines 
the  limited  section  throughout  which  passing 
is  not  safe.  According  to  reports  of  the 
President's  Highway  Safely  Conference,  127 
State  highway  departments  are  regularly 
marking  no-passing  zones,  where  needed,  on 
more  than  70  percent  of  Hie  hard-surfaced 
mileage  under  their  jurisdiction.  The  remain- 
ing States  are  similarly  marking  substantial 
portions  of  their  mileage,  and  the  totals  are 


increasing  each  year.     The  value  of  this  con- 
trol measure  is  now  well  established. 

Standardization     of    I\o-Passing-Zone 
Markings 

What  drivers  see  and  understand  has  a 
profound  effect  on  their  driving  actions  and 
reactions,  and  what  they  do  not  fully  see  or 
understand  often  hears  on  their  traffic  mis- 
baps.  Much  effort  has  been  directed,  there- 
fore, toward  standardizing  all  traffic-control 
devices,  among  them  the  marking  design  for 
no-passing  zones.  .Many  differences  exist 
ihnong  the  States.  Since  no-passing  zones  are 
locations  of  exposure  to  relatively  high  haz- 
ard, it  is  vitally  important  that  all  drivers 
quickly  and  accurately  interpret  the  "line 
language"  of  pavement  marking.  Variations 
in  color,  in  pattern,  and  in  location  of  the 
harrier  line  with  respect  to  the  center-line 
marking  subject  motorists  to  possible  con- 
fusion that  may  result  in  abnormal  behavior 
or  accident. 

Though  there  is  only  partial  agreement  on 
certain  details  of  the  no-passing-zone  marking 
design,  practically  all  State  and  local  juris- 
dictions place  the  barrier  line  a  few  inches 
to  the  side  of  the  center-line  marking  to  in- 
dicate that  passing  is  prohibited  from  the 
lane  on  that  side  of  the  center  line.  This  is 
the  nationally  recommended  standard.1 

Drastic  exceptions  to  the  national  standard 
are  found  in  Missouri  and  Iowa  where,  for  a 
number  of  years,  the  barrier  line  has  been 
positioned  in  the  center  of  the  driving  lane 
from  which  passings  are  prohibited.  This 
marking  design  was  first  adopted  by  Missouri 
to  facilitate  maintenance  of  a  serviceable  bar- 
rier line  at  a  lateral  position  on  the  roadway 
where  it  would  not  be  subject  to  the  constant 


1  Manual  on  Uniform  Traffic  Control  Devices  for 
Streets  "nil  Highways,  prepared  by  a  joint  com- 
mittee of  rlu1  American  Association  of  State  High 
svaj  Officials,  the  Institute  of  Traffic  Engineers, 
and  (lie  National  Conference  on  Street  and  Highway 
Safety,      Published  by  the  Bureau  of  Public  Roads 
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grinding  and  abrasive  action  created  by  heavj 
commercial  tires.  On  narrow  pavements,  es- 
pecially those  with  a  lip  curb,  the  problem  of 
maintaining  a  serviceable  barrier  line  near 
the  roadway  center  was  most  pronounced. 
Placing  the  barrier  line  at  the  center  of  the 
driving  lane  produces  the  economy  of  longer 
effective  life — in  some  cases,  serviceable  char- 
acteristics have  been  retained  for  as  long  as 
3  years.  Also  given  consideration  in  the  Mis 
souri  decision  was  the  relatively  greater  haz- 
ard of  painting  lines  where  the  striping  equip- 
ment has  to  straddle  the  center  line  rather 
than  proceed  entirely  within  one  lane. 

Missouri  Site  Studied 

To  evaluate  the  effect  of  the  two  types  of 
no-passing  zones  on  driving  practices,  the  Mis- 
souri State  Highway  Department  and  the 
Bureau  of  Public  Roads  cooperated  in  a  series 
of  special  traffic  studies  in  that  State  during 
the  summer  of  1040.  The  highway  selected 
was  U  S  66,  a  principal  cross-country  route 
With  a  high  proportion  of  out-of-State  traffic. 

In  the  16.5-mile  test  section  chosen  for 
study,  approximately  one-half  the  length  was 
marked  with  the  national  standard  no-pass- 
ing-zone design;  the  other  half  with  the  Mis- 
souri standard  design.  Two  single-direction 
no-passing  zones  as  nearly  alike  as  possible, 
one  with  the  national  standard  marking  and 
one  with  the  Missouri  marking,  were  studied 
intensively.  A  two-direction  no-passing  zone 
with  Missouri  markings  was  also  studied. 

Three  types  of  information  were  assembled. 
First,  and  perhaps  most  significant,  was  a 
vehicle  speed  and  transverse-placement  study, 
during  which  data  were  obtained  for  more 
than  11,500  vehicles.  Second,  the  start  and 
finish  points  were  recorded  for  all  passings  ( in 
one  direction)  attempted  or  completed  within 
500  feet  each  way  from  tbe  beginning  of  the 
barrier  line,  at  both  the  Missouri  standard  and 
the  national  standard  zones.  The  third  class 
of  data  resulted  from  interviewing  approxi- 
mately 1,000  drivers  as  they  left  the  test 
section. 

Conclusions 

P,;ised  on  the  data  collected  and  analyzed 
for  this  report,  the  following  conclusions  are 
offered  : 

1.  Some  of  the  traffic  operation  characteris- 
tics on  the  two  marking  systems  did  not 
appear  to  differ  greatly.  Speed  values  varied 
only  slightly  and  drivers  not  familiar  with  a 
particular  system  displayed  only  small  differ- 
ences in  their  speed  characteristics  at  the  two 
zones.  However,  in  an  analysis  of  the  more 
critical  conditions  for  transverse  placement, 
particularly  those  cases  involving  vehicles 
traveling  into  a  no-passing  zone  in  the  face  of 
oncoming  traffic  and  those  involving  the  wider 
vehicles  in  the  commercial  class,  the  findings 
show  that  although  the  differences  in  place- 
ment were  small,  the  advantage  was  quite 
consistently  with  the  national  standard  mark- 
ing design.  Drivers  of  the  vehicles  in  these 
categories  were  significantly  farther  away 
Laterally  from  potential  head-on  collisions  and 
sideswipe  accidents. 
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DO  NOT  CROSS 
YELLOW  LINE 


OUR  LAN 


Figure  1. — Standard  informational  sign  used  at  3-  to  5-mile  intervals. 


2.  In  the  national  standard  zone,  the  aver- 
age transverse  placement  of  vehicles  at  night 
resembled  rather  closely  the  daytime  condi- 
tion. In  the  Missouri  zone,  the  difference  be- 
tween day  and  night  operation  was  somewhat 
more  marked.  It  is  of  interest  to  note  that 
in  each  of  the  six  comparative  studies  on  the 
Missouri  zone,  the  average  vehicle  was  closer 
to  the  center  line  at  night  than  during  the 
day.  On  the  national  standard  zone,  the 
placement  at  night  for  the  average  vehicle 
was.  at  four  of  the  six  points  studied,  farther 
from  the  center  line  than  in  daylight.  At  the 
remaining  two,  the  difference  between  the  day 
and  night  placement  was  less  than  at  the  cor- 
responding locations  on  the  Missouri  zone. 

3.  Since  observance  of  no-passing  zone 
markings  is  very  largely  a  voluntary  matter, 
the  extent  to  which  drivers  comply  is  a  sig- 
nificant measure  of  the  effectiveness  of  the 
markings.  The  average  infringement  on  the 
no-passing  zone  area  by  drivers  observed  com- 
pleting passings  was  greater  at  the  locations 
where  the  barrier  line  was  in  the  middle  of 
the  driving  lane,  and  on  this  count  also,  the 
national  standard  showed  superiority. 

4.  Direct  interview  of  a  representative  sam- 
ple of  drivers  who  had  just  left  the  test  section 
revealed  no  decisive  preference  for  either  type 
of  marking.  This  was  as  true  for  Missouri 
drivers  as  for  drivers  from  States  bordering 
Missouri  and  for  drivers  from  other  States. 

5.  Even  though  some  slight  improvement  in 
transverse  placement  occurred  when  the  bar- 
rier line  was  extended  forward  with  a  dashed 
or  solid  line,  driver  observance  of  the  extended 
zone  was  poor  and  this  cannot  be  termed  an 
effective  means  of  bettering  operating  condi- 
tions, regardless  of  the  type  of  no-passing 
zone. 

Location  of  Test  Section 

The  test  section  on  U  S  66  was  16.5  miles 
in  length,  extending  easterly  from  Lebanon, 


Mo.,  to  the  Laclede-Pulaski  County  line.  The 
pavement  there  was  a  20-foot  bituminous  sur- 
facing over  old  concrete.  Hanked  by  gravel 
shoulders  of  adequate  width.  For  the  study, 
approximately  half  the  section  length  was- 
marked  with  the  national  standard  no-passing  - 
zone  design.  The  remaining  mileage  was 
marked  in  the  Missouri  fashion,  with  the 
harrier  line  located  in  the  center  of  the  driving 
lane. 

The  terrain  traversed  by  this  portion  of 
U  S  66  is  moderately  rolling.  No-passing 
zones  are  relatively  frequent.  Traveling  west- 
hound  through  the  16.5-mile  section  the  driver 
sees  39  no-passing  zones;  eastbound  he  trav- 
erses 36  zones.  The  aggregate  length  of  no- 
passing  zone  for  westbound  travel  is  6.0  miles  ; 
eastbound  it  is  5.5  miles.  These  represent 
restrictions  on  passing  amounting  to  36.4 
percent  and  33.3  percent  of  the  total  length 
traveled  by  westbound  and  eastbound  drivers, 
respectively.  Signs  reading  Do  Not  Cross 
Yellow  Line  When  in  Your  Lane  (fig.  1) 
were  in  place  at  intervals  of  3  to  5  miles  along 
the  route,  but  none  was  in  the  vicinity  of  the 
zones  selected  for  special  study. 

To  obtain  the  uniformity  desired  in  the  con- 
dition of  markings  throughout  the  16.5  miles, 
tiie  center-line  marking  was  repainted 
throughout  as  a  dashed,  refleotorized  white 
line.  Most  of  the  previously  existing  reflect- 
orized  yellow  barrier  lines  in  the  center  of  the 
driving  lanes  had  been  painted  a  year  or  more 
earlier  and  were  not  too  prominent  in  day- 
light. These  lines  were  totally  obliterated 
with  asphalt  paint  on  the  9.2  miles  in  the 
easterly  portion  of  the  test  section  and  new 
refiectorized  yellow  barrier  lines  were  painted 
next  to  the  center-line  marking  in  accordance 
with  the  national  standard.  On  the  7.3  miles 
in  the  western  portion,  the  existing  barrier 
lines  were  retraced  with  refiectorized  yellow 
paint. 

Two   single-direction   no-passing  zones   as 

June  1952  •  PUBLIC   ROADS 


nearly  identical  as  could  be  found  were  se- 
lected for  detailed  study— one  in  the  eastern, 
and  one  in  the  western  portion  of  the  test 
section.     These  were  designated  as  sites  N 
(national  standard)   and  M    (Missouri  stand- 
ard), respectively.     Site  N  was  4.5  miles  west 
of  the  Laclede-Pulaski  County  line  near  the 
middle  of  the  length  marked  with  national 
standard  no-passing  zones.     Figure  2  is  a  gen- 
eral view  of  site  N.     The  zone  studied  is  on 
the  grade  in  the  background.     The  location  of 
site  M  was  4.4  miles  from  the  east  city  limits 
of  Lebanon,  approximately  centered  in  the  test 
length  with  the  Missouri  standard  markings. 
The  cover  illustration  is  a  photograph  of  that 
site,  taken  from  the  beginning  of  the  barrier 
line.     The  approaches  at  both  sites  were  on 
tangent  alinement  and  the  sight-distance  re- 
striction at  the  no-passing  zone  was  caused  in 
both  cases  by  summit  vertical  curves.     The 
standard  used  in  Missouri  for  this  route  calls 
for   marking  no-passing  zones   at   any   point 
where    the    sight    distance,    measured    from 
points  4.5  feet  above  the  road  surface,  is  less 
than  800  feet.     At  each  of  the  two  study  sites, 
the  sight  distance  from  the  driver's  eye  to  the 
pavement   surface   at    the   beginning   of   th» 
barrier  line  was  550  feet.     The  zone  at  site  N 
was  marked  for  westbound  traffic  and  the  one 
at  site  M  for  eastbound  traffic.     At  site  M  tin- 
grade  in  the  zone  was  4.5  percent;  at  site  i\. 
4.0  percent. 

Speed  and  Placement  Studies 

Speed  and  placement  data  were  first  re- 
corded for  three  different  study  locations  in 
the  vicinity  of  each  zone,  as  indicated  below 
and  in  figure  4  : 

No.  1.— 500  feet  in  advance  of  the  start  of 

the  barrier  line. 
No.  2.— At  the  start  of  the  barrier  line. 
No.  3.— 300  feet  beyond  the  start  of  the 
barrier  line. 
During  the  course  of  these  studies  it  was 
decided  to  experiment  with  both  a  dashed  and 
a  solid  extension  of  the  yellow  barrier  line  at 
the  approach  end.     Following  study  No.  3  a 
200-foot  dashed  extension  was  painted  at  both 
sites.     Later  the  dashed  extension  of  the  bar- 
rier line  was  made  a  solid  line.     Under  these 


Figure  2. — l\t 


massing  zone  at  site  N,  marked  with  the  national 
of  grade  in  background. 


standard,  starts  near  foot 


Figure  3.— Two-direction  no-passing  zone  at  site   B.   marked   with    the  Missouri  standard   in 

both  lanes. 


two  conditions,  three  additional  locations  were 
studied  at  sites  N  and  M,  as  follows: 

No.  4.— At  the  start  of  the  original  barrier 
line  (same  as  No.  2).  but  with 
a  200-foot  clashed  extension  of 
the  barrier  line. 
No.  5. — At  the  approach  end  of  a  200-foot 
solid  extension  of  the  barrier 
line. 
No.  6. — At  the  start  of  the  original  barrier 
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line  (same  as  Nos.  2  and  4),  but 
with  the  200-foot  solid  exten- 
sion of  the  barrier  line. 
The  zones  at  sites  N  and  M  were  both  single- 
direction   zones.     To   measure   the   effect   of 
having  a  no-passing  zone  marked  for  both 
directions  of  travel,  in  which  case  there  is  a 
barrier  line  at  the  center  of  both  lanes  and  a 
line  at  the  roadway  center  as  well,  a  site  B 
(for   both   directions)    was   also   chosen   for 
study.     This    was    located    in    the    section 
marked  with  the  Missouri  standard,  6.1  miles 
east  from   the  east  city  limits  of  Lebanon. 
The  general  conditions  at  site  B  are  portrayed 
in  figure  3. 

At  each  of  the  three  study  sites,  observa- 
tions were  made  in  daylight,  between  3  and 
6  p.  m.,  and  at  night,  between  8  and  11  p.  m. 
Speed,  transverse  placement,  and  classifica- 
tion of  vehicle  types  were  obtained  with  the 
automatic-recording  speed-placement  equip- 
ment. This  is  the  equipment  described  in  the 
April  1940  issue  of  Public  Roads,2  except  that 
adding  machines  were  substituted  for  the 
graphic  recorders  to  produce  a  coded  record 
on  adding-machiue  tape.  For  vehicles  enter- 
ing the  no-passing  zone,  special  notation  was 


Figure  4. — Positions  of  study  locations  at  the  three  no-passing  sites:  Site  M  marked 
with  the  Missouri  standard,  site  IS  marked  tvith  the  national  standard,  and  site  B 
marked  with  the  Missouri  standard  in  a  two-ivay  zone. 


-New  techniques  in  traffic  behavior  studies,  by 
E.  H.  Holmes  and  S.  B.  Reymer.  Public  Roads, 
vol.  21,  No.  2.  April   1940. 
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Table  1. — Hourly  traffic  volumes  at  stud)  sites 


Daylight  traffic 


Site  and  direction  of  travel 


Site  M-l: 
Westbound. 
Eastbound.. 

Total  

Site  M-2:   

Westbound. 
Eastbound. . 

Total 

Site  M-3: 

Westbound. 
Eastbound- . 

Total 

Site  M-4: 
Westbound. 
Eastbound- . 

Total 

Site  M-5: 
Westbound. 
Eastbound. . 

Total 

Site  M-6: 
West  bound . 
Eastbound.. 

Total 

SiteN-1: 
Westbound 
Eastbound. 
Total  ._.. 
Site  N-2: 
Westbound. 
Eastbound.. 

Total 

Site  N-3: 
Westbound 
Eastbound. 

Total 

Site  N-4: 
Westbound . 
East  bound . 

Total 

Site  N-5: 
Westbound . 
Eastbound. 

Total 

Site  N-6: 
Westbound. 
Eastbound. 

Total 

Site  B: 
Westbound. 
Eastbound. 
Total 


3-4 
]>.  in. 


115 
182 
297 

125 
123 

248 

116 
110 
226 

125 
119 
244 

125 
111 
236 

128 

117 
245 

132 
106 
238 

130 
122 
252 

160 

120 
280 

120 
131 
251 

132 
106 
238 

122 
120 
242 

139 
131 
270 


4-5 
p.  in. 


128 
186 
314 

132 
133 

205 

101 

133 
234 

121 
103 
224 

117 
130 
247 

126 
154 
280 

100 
103 

203 

131 
130 
261 

183 
159 
342 

121 
135 
250 

90 
115 
211 

105 
127 
232 

200 
122 
322 


p.  m. 


101 
143 
244 

157 
102 

259 

109 
110 
219 

92 
129 
221 

121 
128 
249 

147 
119 
266 

100 
120 
220 

150 
115 
265 

170 
172 
342 

112 
136 
248 

83 


97 
103 
200 

148 

99 
247 


Aver- 
age 


Night  traffic 


8-9 
p.  m. 


115 
170 

285 

138 
119 

257 

109 
IIS 
227 

113 
117 
230 

121 
123 
244 

134 
130 
264 

113 
110 
223 

137 
122 

259 

171 
152 
323 

118 
134 
252 

104 
99 
203 

108 
117 
225 

162 
117 
279 


9-10 
p.  m. 


82 

04 
140 

67 
72 
139 

71 

87 
158 

58 
75 
133 

92 
51 
143 

(ill 
50 
110 

87 
69 
150 


200 

119 

83 

202 

82 
52 
134 

95 
47 
142 

58 
42 
Kill 

91 

05 
156 


54 
102 
150 

31 
72 
103 

55 
00 
121 

02 
00 
122 

05 
79 
144 

01 
79 
140 

56 
53 
109 


80 

58 

138 

86 

57 
143 

52 
57 
109 

73 
51 
121 

75 
00 
135 


10-11 
p.  m. 


45 
92 
137 

66 
50 
110 

55 
50 
105 

73 
48 
121 

83 
49 
132 

7S 
37 
115 

09 
51 
120 

150 
84 
240 

72 
68 
140 

84 
55 
139 

S3 
02 
145 

52 
62 
114 


Aver- 
age 


60 
80 
140 

54 
65 
119 

60 
08 
128 

64 
01 
125 

80 
60 
140 

67 
55 
122 

71 

57 

128 


228 

90 
70 
100 

84 
55 
139 

77 
55 
132 

01 
52 
113 

79 
06 

145 


made  on  t lie  tape  if  opposing  traffic  was  within 
300  feet  of  tlie  observed  vehicle  at  the  time 
its  placement  was  recorded.  In  addition,  an 
observer  maintained  a  record  of  the  start  and 
finish  of  till  passings  attempted  or  completed 
by  traffic  traveling  toward  the  zone  within  a 
distance  of  500  feet  in  each  direction  from 
the  approach  end  of  the  barrier  line.  A  series 
of  posts  set  at  100-foot  intervals,  with  retiec- 
torized  stripes  indicating  distance  from  the 
beginning  of  the  barrier  line,  facilitated  these 
observations,  particularly  at  night.  Hourly 
traffic  volumes  by  direction  were  read  from 
traffic  counters  throughout  the  period  of 
study. 


Table  2. — Traffic  classification 


Vehicle  i  ypc 

Proportion  ol 
total  traffic 

Daylight 

(3  -6 
p.  m.) 

Night 

(S    11 

ji.  in.) 

Missouri  passenger  ears.    . 

34.5 

1.-,  5 

11.  1 

7.8 

1.  1 

Percent 

34.  0 

23.  3 
8.3 

32.  0 
1.8 

Single-unit  t  rucks  '     

Total    ..    

100.0 

100.0 

1  [ncludes  panels  ami  pick-up: 


Many  Out-of-State  Drivers 

The  test  section  carried  a  daily  traffic  vol- 
ume averaging  between  3,500  and  4,000  ve- 
hicles during  the  period  of  the  study,  June  ■'!() 
to  July  1."),  1049.  July  4  fell  on  a  Monday. 
making  a  long  holiday  week  end,  but  the  traf- 
fic flow  nevertheless  was  remarkably  uniform 
throughout  the  observations.  The  average 
traffic  for  all  daylight  hours  of  study  on  the 
Missouri  standard,  site  M,  was  251  vehicles 
per  hour:  at  site  X  if  was  247  vehicles  per 
hour.  Corresponding  volumes  during  the 
night  studies  were  IMP  vehicles  pier  hour  at 
site  M  and  150  vehicles  per  hour  at  site  N. 
The  volumes  at  site  K  averaged  270  vehicles 
per  hour  in  the  daylight  hours  and  145  vehicles 
per  hour  at  night.  This  relative  stability  in 
the  traffic  volume  factor  lends  reliability  to 
the  comparison  of  driver  practices  under  the 
several  conditions  studied.  Table  1  shows  the 
hourly  variations  and  the  day  and  night  aver- 
age volumes  at  each  site. 

A  detailed  classification  count  made  on  July 
."i  is  shown  in  table  2.  Of  principal  interest 
is  the  high  percentage  of  foreign  (out-of- 
Stato)  passenger-car  traffic,  particularly  in 
the  daylight  hours,  and  the  large  proportion 
<d'  truck  combinations  at  night.  The  prox- 
imity of  the  holiday  undoubtedly  accounted  in 
some  measure  for  both  conditions,  but  other 


observations  on  this  route  have  consistently 
shown  relit  lively  huge  percentages  of  foreign 
passenger-car  and  nighttime  commercial 
traffic. 

Driving   Speeds 

Tiie  information  obtained  on  traffic  speeds 
indicates  also  that  operating  conditions  at  the 
two  principal  test  sites  were  substantially 
similar.  The  daytime  speed  at  site  M  aver- 
aged 52.5  miles  per  hour  for  vehicles  ap- 
proaching the  no-passing  zone,  and  at  site  X 
the  average  speed  was  52.3  miles  per  hour. 
Within  the  no-passing  zones,  vehicles  aver- 
aged 50.1  miles  per  hour  at  site  M  and  50.4 
miles  per  hour  at  site  N.  The  slight  decrease 
in  speed  is  accounted  for,  at  least  in  part,  by 
the  grade  of  approximately  4  percent  that 
vehicles  ascended  in  passing  through  the  zone. 
Nighttime  speeds  were  slightly  lower  but  fol- 
lowed the  same  general  pattern  of  decreasing 
slightly  upon  entering  the  no-passing  zone. 

At  site  B,  where  only  a  single  study  within 
the  two-direction  zone  was  made,  speeds  were 
found  to  be  a  little  lower  than  at  sites  M  and 
X.  The  daytime  average  was  48.4  miles  per 
hour  for  eastbound  and  47.6  miles  per  hour 
for  westbound  traffic  during  daylight  hours. 
Corresponding  night  speeds  were  45.3  and 
49.4  miles  per  hour. 

The  difference  in  the  effect  of  the  two  bar- 
rier-line locations  on  the  driving  speeds  of 
Missouri  and  foreign  vehicles  is  of  some  im- 
portance in  appraising  the  no-passing-zone 
designs.  Table  3  shows  that  foreign  passen- 
ger-car drivers  traveled  at  a  slightly  higher 
average  speed  than  Missouri  drivers  on  the 
approach  to  both  types  of  no-passing  zones, 
but  tended  generally  to  reduce  their  speed 
more  than  Missouri  drivers  as  they  traveled 
through  the  zone.  The  one  exception  was  the 
case  of  foreign  drivers  in  the  national  stand- 
ard zone  at  night,  where  the  average  speed 
actually  increased  0.9  mile  per  hour. 

Perhaps  of  most  significance  is  the  fact  that 
in  every  instance  the  speed  decrease  occurring 
as  vehicles  traveled  into  the  no-passing  zone 
was  greater  both  day  and  night  for  Missouri 
drivers  at  the  national  standard  zone  than  it 
was  for  the  same  drivers  at  the  Missouri  zone. 
Similarly,  the  speed  of  foreign  drivers  con- 
sistently showed  greater  change  at  the  Mis- 
souri zone  than  at  the  national  standard  zone. 
The  difference  between  the  reaction  of  Mis- 
souri    and     foreign     vehicle    operators    was 


Table  3. — Relative  effect  of  barrier-line  loca- 
tion on  speed  of  drivers  familiar  and  un- 
familiar with  the  marking's 


Zone  marking  and 

Daylight  speed 

Night  speed 

study  location 

Mis- 

For- 

Mis- 

For- 

souri 

eign 

souri 

eign 

drivers 

drivers 

drivers 

drivers 

Missouri  standard: 

M.  p.  ft. 

M.  p.  h. 

M.  p.  ft. 

M.  p.  ft. 

Approaching  zone 

52.8 

53.8 

49.1 

50.2 

Within  zone 

51.6 

50.1 

'    48.9 

47.8 

Difference  . 

-1.2 

-3.7 

-.2 

-2.4 

National  standard: 

Approaching  zone 

52.8 

52.9 

48.5 

49.2 

Within  zone 

50.0 

49.  0 

47.2 

50.1 

Difference 

-2.8 

-3.3 

-1.3 

+.9 

u 
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greater  on  the  Missouri  standard  thai)  on  the 
national  standard.  This  finding  seems  logi- 
cal because  Missouri  drivers  in  general  would 
be  more  familiar  with  Hie  widely  used 
national  standard  than  other  drivers  are  with 
the  .Missouri  type  of  marking. 

Transverse    Placement 

The  lateral  position  of  vehicles  on  the  road- 
way is  one  of  the  most  sensitive  indications 
of  the  differences  in  traffic  operation  caused 
by  varying  the  harrier-line  location.  Exten- 
sive study  of  the  placement  data  has  been 
made  to  isolate  significant  driver-behavior 
characteristics  associated  with  the  two  types 
of  marking.  The  dimension  used  to  identify 
vehicle  placement  is  the  distance  in  feet  from 
the  center  line  of  the  roadway  to  the  center 
line  of  the  vehicle. 

A  compilation  of  the  average  placements  of 
vehicles  traveling  in  and  through  the  zones, 
segregated  by  day  and  night  and  by  vehii  le 
type  for  each  study  site,  is  given  in  table  4. 
As  previously  indicated,  sites  M  and  1!  had 
the  barrier  line  in  the  center  of  the  driving 
lane,  and  site  N  had  the  barrier  line  next  to 
the  center-line  marking.  Site  !'.  was  the  two- 
direction  zone,  but  site  M  was  marked  only 
for  easthound  traffic  and  site  N  only  for  west- 
hound  traffic.  Since  sites  M  and  X  were  al- 
most identical  in  physical  conditions,  traffic 
volume,  and  normal  speed,  the  placement  of 
vehicles  traveling  in  the  single  direction  con- 
trolled by  the  respective  /.ones  has  been  se- 
lected for  analysis. 

The  values  shown  in  table  1,  therefore,  per- 
tain to  vehicles  traveling  easthound  at  site  M. 
westbound  at  site  N,  and  foi  each  direction 
separately  at  site  B.  The  few  vehicles  using 
the  left  lane  for  passing  in  violation  of  the 
markings  at  the  several  study  sites  have  been 
omitted  from  the  placement  summaries  and 
are  treated  separately  in  the  section  of  the 
report  dealing  with  driver  obedience  to  the 
no-passing  zones. 

Close  Agreement  of  Average 
Placements 

The  relatively  close  agreement  between  the 
average  placement  values  at  locations  "J,  'A,  4, 
and  6  on  the  Missouri  and  national  standard 
zones  is  a  noteworthy  feature  of  table  4. 
These  four  locations  were  either  within  the 
no-passing  zone  or  at  the  approach  end  of  the 
normal  barrier  line,  as  indicated  earlier. 
I.i"  ation  5  was  at  the  approach  end  of  the 
extended  harrier  line  and  location  1  was  500 
feet  in  advance  of  the  no-passing  zone. 

At  this  latter  point,  the  average  lateral  posi- 
tion of  all  vehicles  differed  O.SS  foot  on  the  two 
systems  in  the  day  study  and  0.61  foot  at  night 
and.  in  both  cases,  the  distance  from  the  road- 
way center  line  was  greater  at  the  Missouri 
standard  zone.  The  observations  at  Study  site 
M-l  were  made  July  4  wlcu  the  weather  was 
partly  cloudy,  with  light  showers,  and  the 
traffic  volume  was  higher  than  normal.  Site 
M-l  was  also  slightly  beyond  the  crest  of  a 
vertical  curve  for  easthound  drivers  who  had 
just  left  another  no-passing  zone  about  150 
feet   before  their  vehicle   placement    was   re 
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Table   4. — Average   transverse  placement    (distance  from  center  line  of  vehicle  to  center  line 
of  roa-dway)   at  the  several  study   sites 


Study  location  and  barrier-line 
type 


Site  l: 

M  issouri  standard 
National  standard 

site  2: 
\l  i    ouri  standard 
National  standard 

Site  :; 
Missoui i  standard 
National    tandard. 

Site  l 
Missouri  standard- 
National  standard 

Site  5 
\!     iouri  standard 
National  standard 

Site  r,: 
Missouri  standai  I 
National  standai  1 

Site  H  (Mo.  standard 

Eastbound 

Westbound 


Transverse  placement  in  daylight 


Transverse  placement  at  night 


Mis- 
SOUl  i 

gei   cars 


Feet 
5.  os 
4.  II'. 


137 
4.  it; 


i  29 
4,  19 


4  52 
4.  49 


4-71) 
4.42 


Foreign 
passen- 
ger   CHI'S 


Feet 

5.  10 
I  ill 

I    t'.l 
4.07 

4.61 
4,  61 

4.  13 
4.01 

1  IIS 
:  69 

4  29 

4  20 

4,70 
I  2; 


Single- 
unit 
trucks 


Feet 

."...;  ; 

4.  .ill 

4.  52 

i    i.; 

4  99 

4,  lis 
4,  62 

I    ,5 
4. 35 

4  M 
,-,  05 

4  65 
4  62 


Truck 
combi- 
nations 

All 
vehicles 

Mis- 
souri 
passen- 
ger  ears 

Foreign 
passen- 
ger cars 

Single- 

unit 
trucks 

Feet 

Feet 

F( ,  1 

Feet. 

Feet 

:,  i;, 

5.  10 

1  61 

4.67 

4,  00 

4  60 

4.  22 

3.  so 

3  82 

3   00 

4  02 

4.34 

1    :, 

:;  '.i:i 

1    20 

1.  71 

4.21 

4   IS 

1   22 

1  56 

1    Ml 

4  71 

1  28 

4    71 

1    21. 

7..  20 

4  73 

1  60 

1    7.(1 

t  78 

t  33 

4  20 

4   00 

4  60 

5  03 

4  30 

4,  IS 

1   Hi 

4.  74 

4.71 

4.  25 

3  89 

4   OS 

1    Id 

4.  57 

1.03 

1  07 

.;  ss 

t    in 

I  73 

t   is 

4  22 

4  21 

4   Oil 

4  or. 

4   7.0 

4,  57 

4   07. 

4   SO 

4.90 

4.  73 

4.  66 

4  68 

t   00 

4  00 

4.32 

4.  28 

4  27 

1    17 

Truck 
combi- 
nations 


All 

vehicle 


Feet 

4 

90 

4 

57 

1 

47, 

4 

76 

4 

70 

5 

04 

4 

57 

4. 

97 

4 

31 

4 

50 

1 

40 

1 

SI, 

4 

80 

4 

54 

i; ,  i 

I    70 
4.09 

4.21 
4   29 

I   7,7 
1    1,2 

I  28 

4    15 

4.  10 
t  20 

4    30 
1    7.1 

4   OS 
4  28 


corded.  Location  X-l.  by  contrast,  was  on  a 
nearly  Hat  section  and  the'  nearest  no-passing 
zone  for  westbound  drivers  in  advance  of  this 
study  site  was  approximately  one-fourth  mile 
to  the  east.  This  range  in  conditions  is  the 
suspected  cause  of  the  differences  between  the 
M-l  and  N-l  values. 

At  site  1!.  the  horizontal  alinenieiit  on  the 
two  approaches  to  the  observation  point 
varied  slightly.  Easthound  traffic  entered  the 
zone  on  tangent  alinement,  while  westbound 
traffic  entered  on  a  curve  to  the  left,  which 
condition  is  believed  to  account  for  westbound 
average  placements  being  consistently  closer 
to  the  center  line  at  site  B-W  than  at  B-E. 
No  physical  or  other  differences  that  might 
influence  vehicle  paths  were  evident  at  any 
of  the  other  study  locations  at  sites  M  and  X. 

As  will  he  seen  from  table  4.  the  difference 
in  the  average  placement  values  for  the-  two 
no-passing  zone  designs  is  least  at  study  sites 
M  .",  and  X-.",.  In  the  daytime,  the  average 
placement  of  all  vehicles  within  the  Missouri 
zone  was  4.71  feet,  measured  from  center  of 
vehicle  to  center  of  roadway,  and  on  the 
national  standard  it  was  4. To  feet.  The  cor- 
responding night  values  were  4.o7  and  4.(12 
feet.  These  data  were  recorded  at  a  point 
300  feet  within  each  of  the  test  zones,  which 
is  certainly  one  of  the  more  critical  locations. 

Effect  of  Traffic  Conditions 

The  data  in  table  4  include  vehicles  moving 
through  the  test  zones  singly  and  in  groups, 
and  with  and  without  traffic  in  the  opposing 
Ian  .  To  study  these  several  movement  cate- 
gories independently,  the  total  traffic  through 
the  test  zones  was  classified  into  three  groups 
as   follows  : 

1.  Free  moving. — Vehicles  that  were  at 
least  6  seconds  behind  any  other  vehicle 
traveling  in  the  same  direction,  and  were  not 
within  300  feet  of  any  vehicle  traveling  in  the 
opposite   direction. 

2.  With  Opposing  traffic. — Vehicles  that 
were  within  .'inn  feet  of  a  vehicle  traveling  in 
the  opposite  direction. 


•'!.  Others.  -All  other  vehicles  not  in  the 
first  two  classes,  except  those  that  were  mak- 
ing a  passing  maneuver. 

Because  id'  the  marked  similarity  in  aver- 
age placements,  all  passenger-ear  data  from 
t  he  daytime  st  udies  were  segregated  into  these 
three  categories  and  standard  deviations  com- 
puted for  each  of  the  comparative  studies. 
Table  5  shows  that,  with  a  single  exception 
(passenger  cars  with  opposing  traffic  in  the 
national  standard  zone,  study  site  X-.'!  i .  the 
dispersion  of  placements  is  greater  on  the 
national  standard  marking  than  it  is  on  the 
Missouri  marking. 

It  might  he  expected  that  the  placement 
distribution  of  those  vehicles  with  opposing 
traffic  would  always  show  less  dispersion  than 
the  distribution  for  vehicles  in  the  other  two 
movement  classifications,  because  of  the  im- 
minent danger  of  colliding  head-on  with  ve- 
hicles in  the  left  lane.  At  all  hut  one  of  I  he 
studies  on  the  national  standard  this  was 
true,  bill  at  three  of  the  six  studies  on  the 
Missouri    standard    zone    the    dispersion    was 


Table  5. — Standard  deviations  of  transverse 
placement  of  Missouri  and  foreign  passen- 
ger cars  in  daylight 


Standard  deviation  "i 

transverse 

plaei'ln 

ail 

Study  location  and 



barrier-line  type 

Flee 

\\  ith 

All 

mov- 

oppos- 

Othei 

move- 

ing 

traffic 

ments 

Site  1: 

Missouri  standard. . . 

ii  9063 

0   79S9 

o  8443 

ii  8511 

National  standard 

1.  1385 

1.  1261 

1.6160 

I    126(1 

Site  2: 

Missouri  standard 

.7011 

.  7376 

.  7300 

.  7521 

National  standard 

1.2147 

.S4S1 

1.0524 

1.0571 

Site  3: 

Missouri  standard 

7001 

.  9290 

0902 

8085 

National  standard 

.8943 

.7715 

.  S777 

8921 

Site  4: 

Missouri  standard 

.  717.11 

7461 

.  0997 

.  7307 

National  standard 

0112 

.  799S 

1  0899 

l  0318 

site  5: 

Missouri  standard 

.  77,10 

6782 

.  7658 

.  775  1 

National  standard 

1995 

.8727 

1.0444 

1   027,3 

Site  o: 

Missouri  standard 

9203 

.  0349 

.7815 

7700 

National  standard 

9834 

9101 

.8770 

9128 
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THE      MISSOURI      STANDARD 


(NH) 
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X 
CD 

_) 
< 


5.09'     ALL     PASSENGER     CARS  4  26 

494'     FREE     MOVING     PASSENGER    CARS  4  28' 

5  23'     PASSENGER    CARS  WITH  OPPOSING  TRAFFIC  4.42' 


♦ 

4.67' 
4  57' 
5.02' 


THE      NATIONAL      STANDARD 


(ED' 


& 


§£D 


4.09'    ALL     PASSENGER     CARS  4 .1  3( 

3.72'    FREE      MOVING     PASSENGER     CARS  4.08' 

4.24'    PASSENGER  CARS  WITH  OPPOSING   TRAFFIC  4.37' 


THE    MISSOURI    STANDARD 


t 
4.64' 
4.52' 
5.1  I' 


h- 
X 


4.63  ALL    PASSENGER    CARS 

4.61' FREE    MOVING     PASSENGER    CARS 

5.08  PASSENGER  CARS  WITH  OPPOSING  TRAFFIC 


t 

4.10' 
4 .12' 
4.15' 


t 

4.52' 
4.45' 
4.83' 


THE    NATIONAL     STANDARD 


(NT) 


3.84    ALL    PASSENGER    CARS 

4.10'  FREE    MOVING    PASSENGER    CARS 

4  .07'  PASSENGER   CARS  WITH  OPPOSING  TRAFFIC 


♦ 
4.20' 
4.17' 
4  48' 


♦ 
4  54' 
4.45' 
4.92' 


Figure   5. — Transverse   placement:   Distance    from  center  line  of  vehicle  to  center  line  of 
roadivay  for  passenger  cars  in  no-passing  zones,  in  daylight  and  at  night. 


greater  than  for  one  of  the  other  movement 
classifications.  In  general,  passenger-car 
drivers  using  the  national  standard  zone 
showed  somewhat  less  precision  in  following 
a  central  path  than  they  did  when  traversing 
the  Missouri  standard  zone.  However,  it  will 
be  seen  that  the  presence  of  opposing  traffic 
increased  the  tendency  of  drivers  on  the  na- 
tional standard  marking  to  follow  a  central 
path  more  than  it  did  on  the  Missouri  design. 
Furthermore,  the  precision  with  which  the 
central  path  was  followed  on  the  national 
standard  was  slightly  superior  to  that  found 
on  the  Missouri  marking  when  passenger  cars 
were  300  feet  into  the  zone  and  faced  with 
traffic  in  the  opposite  lane. 

Effect  of  Light  Conditions 

Figure  5  shows  additional  comparative  data 
on  passenger-car  driver  practices  at  the  two 
test   zones,  under  day   and  night  conditions. 


As  previously  explained,  the  placements  at 
site  M— 1  appear  to  have  been  influenced  by 
local  factors  and  probably  should  not  be  com- 
pared with  those  for  site  N-l  for  that  reason. 
However,  as  vehicles  readied  the  beginning 
of  the  barrier  line  and  traveled  300  feet  into 
either  type  of  zone,  a  definite  shift  to  the  right 
occurred  in  the  vehicle  path.  This  shift 
ranged  from  about  0.3  foot  to  0.75  foot  over 
the  300-foot  section.  In  the  daytime,  the 
amount  of  the  shift  was  greater  on  the  na- 
tional  standard  zone:  at  night,  it  was  greater 
on  the  Missouri  zone.  The  net  difference  be- 
tween the  average  placement  within  the  two 
zimes,  however,  was  less  than  0.05  foot,  either 
day  or  night.  It  will  be  seen  that  under  all 
conditions  the  maximum  lateral  shift  be- 
tween locations  2  and  3  occurred  when  on- 
coming traffic  was  in  the  left  lane. 

Figures  6  and  7  permit  more  detailed  ex- 
amination of  the  placement  distributions  of 


this  important  class  of  traffic  at  these  two 
points.  Passenger  cars  at  the  beginning  of 
the  national  standard  barrier  line  tended  to 
have  a  more  sprawling  distribution  pattern 
than  at  the  Missouri  standard.  This  was 
true  both  day  and  night.  Within  the  zones, 
the  distribution  of  placements  was  more  com- 
pact. For  both  day  and  night  operation 
within  the  zone  and  on  either  type  of  mark- 
ing, about  three-fourths  of  all  passenger  cars 
were  driven  with  their  centers  in  the  range 
of  3.6  to  5.5  feet  from  the  roadway  center  line. 

A  measure  of  the  relative  effectiveness  of 
the  two  barrier-line  locations  in  inducing  ve- 
hicle drivers  to  stay  a  proper  distance  from 
the  center  line  while  traversing  a  no-passing 
section  appears  in  table  6.  Regardless  of 
light  conditions,  vehicle  type,  or  class  of  ve- 
hicle movement,  the  proportion  of  vehicles 
with  placements  less  than  4.5  feet  from  the 
roadway  center  in  the  national  standard  zone 
was,  with  several  minor  exceptions,  smaller 
than  in  the  Missouri  type  zone.  Taken  as  a 
whole,  the  proportion  within  3.5  feet  of  the 
center  line  was  slightly  smaller  on  the  Mis- 
souri standard,  but  in  the  significant  class  of 
vehicles  with  opposing  traffic,  the  national 
standard  showed  marked  superiority  in  the 
daytime  results  and  was  substantially  the 
same  as  the  Missouri  standard  at  night.  A 
lower  percentage  of  commercial  vehicles,  in 
every  case,  was  found  within  3.5  or  4.5  feet  of 
the  center  line  on  the  national  standard,  and 
their  average  placement,  both  day  and  night  in 
that  zone,  averaged  approximately  0.3  foot 
farther  from  the  pavement  center. 

Nighttime  is  known  to  he  the  critical  period 
for  many  traffic-control  devices.  Conse- 
quently, special  attention  has  been  devoted  to 
day  and  night  comparisons  at  the  two  barrier- 
line  locations.  Data  for  study  of  the  differ- 
ences between  average  placements  of  all  ve- 
hicles day  and  night  are  presented  in  tabic  7. 
Where  the  barrier  line  was  located  in  the 
center  of  the  driving  lane,  the  average  place- 
ment at  night  was  consistently  nearer  the 
roadway  center  than  the  daytime  average,  as 
will  be  seen  from  the  predominance  of  minus 
signs  in  the  first  column.  This  is  not  as  gen- 
erally true  where  the  barrier  line  was  located 
next  to  the  center  line. 

Previous  studies  have  indicated  that  on  a 
typical  roadway  section  removed  from  a  no- 
passing  zone,  drivers  follow  a  path  closer  to 
the  center  line  at  night.  That  finding  is  veri- 
fied by  the  data  obtained  in  this  study  at  sites 
M-l  and  N-l.  From  table  7  it  is  evident  that 
the  Missouri  standard  no-passing-zone  mark- 
ing offers  no  effective  deterrent  to  this  prac- 
tice. By  comparison,  the  studies  on  the 
national  standard  zone  show  that  the  average 
placement  at  night  closely  approximated  the 
daytime  position.  In  some  instances,  the 
average  night  driver  was  even  slightly  farther 
away  from  the  center  line  than  the  average 
daytime  driver.  At  all  six  study  sites  com- 
pared, the  difference  between  day  and  night 
placement  averages  on  the  national  standard 
marking  was  either  less  than  on  the  Missouri 
standard  or  was  such  as  to  provide  greater 
clearance  from  the  center  line  at  night  than 
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Figure   6. — Distribution  of  transverse  placement  of  passenger  cars   at  the  start  of  the  no-passing  barrier  line,  with  opposing  traffic,  in 

daylight  and  at  night. 
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Figure  7. — Distribution  of  transverse  placement  of  passenger  cars  300  feet  beyond  the  start  of  the  no-passing  barrier  line,  tilth  opposing 

traffic,  in  daylight  and  at  night. 


in  the  daytime.  With  the  ever-present  hazard 
of  sideswipe  collisions  on  narrow  pavements, 
where  eenter-of-the-lane  barrier-line  marking 
has  been  thought  to  be  most  applicable,  this 
finding  is  worthy  of  attention. 

Driver  Obedience  to  Markings 

The  information  recorded  on  driver  com- 
pliance with  the  various  types  of  no-passing- 
zone  markings  shows  that  passings  were  fre- 
quently completed  after  the  barrier  line  was 
reached.  This  may  reflect  an  attitude  that 
the  completion  of  passings  is  permissible  be- 
yond the  beginning  of  the  barrier  line  and 
not  that  the  maneuver  must  be  completed  be- 
fore reaching  it.  Whatever  the  typical 
driver's  reasoning,  the  average  return  point 


of  pass  completions  observed  in  the  vicinity 
of  both  the  Missouri  standard  and  the  na- 
tional standard  zones  in  this  study  was  beyond 
the  start  of  the  barrier  line. 

Table  8  is  a  compilation  of  the  comparative 
obedience  data.  The  average  point  of  com- 
pletion was  calculated  from  the  beginning 
of  the  normal-length  barrier  line  and,  in  the 
case  of  the  extended  zones,  from  the  start 
of  the  extended  barrier  line. 

In  general,  the  completion  point  was  con- 
siderably farther  into  the  no-passing  zone 
when  the  barrier  line  was  located  in  the  cen- 
ter of  the  driving  lane.  For  the  normal  zone, 
the  average  was  228  feet  in  the  day  study  and 
202  feet  at  night,  as  compared  with  86  feet 
and   172  feet,   respectively,  on  the  national 


standard  design.  No  great  difference  was 
evident  between  Missouri  and  foreign  drivers 
in  the  daytime  results,  but  at  night  the  lat- 
ter did  not  observe  either  barrier  line  as  well 
as  the  local  drivers. 

On  the  extended  zones,  roughly  the  same 
pattern  of  compliance  existed.  The  addi- 
tional 200  feet  of  length  on  the  advance  end 
of  the  barrier  lines  apparently  served  pnly  to 
increase  the  infringement  on  the  no-passing 
zones  by  approximately  the  same  amount. 

The  data  in  table  8  indicate  that  the  num- 
ber of  passings  recorded  was  somewhat 
greater  during  the  studies  on  the  national 
standard  zone.  Aside  from  the  effects  of 
alinement  and  traffic  volume  which,  as  pre- 
viously stated,  were  quite  similar,  the  sight- 
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Table  6. — Efle< 
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injj  zone  ( 
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-3) 


average  transverse  placement,  and  percentage  of 
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Light  condition  and  movement 
clasj  ifical  ion 

Averagi 

rans\  i 

Pereen 

age  '  with  i> 

acement  less  than— 

placement 

:;  5 

eet 

4  5  feet 

VI  i  isouri 
standard 

National 
standard 

Mis-.!, Ill  1 

standard 

National 
standard 

Missouri 
standard 

National 
standard 

Passexoeb  Cars 

Daylight 

Free  moving                -. 

With  opposing  traffic. ...               
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All  movements.-.                      
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Feet 

5.02 
1    :,7 
4.67 

4.45 
1.83 
I.  t:; 
4.  52 

Feet 
1  52 
5.  11 
4  56 
4. 1,4 

4,  15 
4.92 
4.  13 
1.  51 

I'l  ret  nt 

[0d 

5.  n 

7.  6 

13  8 

11.9 
11.  1 

/  v  rcent 
13.1 
*2  9 
12.2 
10.9 

*11.9 
7.  2 
19]  I 
13.8 
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48.7 

20.  6 
49.4 
44.  2 

62.  1 
31.6 

57.  1 
53  4 

/'<  ra  hi 
49.  2 
"20  6 
M5.4 
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*5fi.fi 
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'52.  4 
•49.4 

With  opposing  traffic 
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l  'OMMERCIAL  VEHICLES 
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4   85 
t  85 
5.  06 
4.  92 

4.51 
t  90 
4   18 
4.64 

;,  09 

5.71 
5.  37 
5  29 

5.  02 
5  02 

4   SI 
4.  91 

11.8 

ii 
0 
4.:: 

4   7 
17.  4 
10.  3 

•::.  7 
*n 
♦0 
•1.6 

♦0 
*0 

•12.0 
*6  3 

35.  3 
28.  6 
18,  8 
27.  7 

50.0 
33.  3 
52  '.' 
44.8 

Ml.  1 
♦0 

*7.  4 
•9.  7 

*9.  1 
*8.  3 
'40.0 
•25.  0 

With  opposing  traffic       

Other 

All  movements.  ...     ...        .... 

Night: 

With  opposing  traffic                    
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All  movements             . . .        

A  i.i.  Vehicles 

1  '  lylight 

t  62 
1.98 
4.64 
4.71 

1.  40 

t  so 

1    15 
4.  57 

4.62 

5  is 
4.  65 

4  7:: 

4.  53 

4.  94 
4.  52 
t  62 
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7.0 

ll.fi 
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1  ;  3 
10.  7 

II  4 
•2.  6 

III  s 

',1  7 

M0.4 
5.6 
17.5 
12,  3 

40.  3 
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45.  2 
11  3 

58.1 
32.  5 

49  9 

•42.  9 
•18.4 
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Other      .. 
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*44  7 

1  Asterisks  indicate  cases  where  the  percentage  for  the 
percentage  for  the  Missouri  standard. 


national  standard  1-  love?   than  (or  equal  to)  the  comparable 


Table  7. — Difference  between  average  trans- 
verse placement  of  vehicles  (all  types)  in 
daylight  and  at  night 


Study  location  and  movement 
classification 

1  lifl'erence  between 
placement  in  day- 
light   and    at 

night  1 

On  Mis- 
souri 
standard 

1  in  na- 
tional 
standard 

r,i  t 

+  0.3O 
-.06 
-.  50 
-    13 

+.14 
+   13 

-  01 
+.  08 

-  09 

-  .24 
-.  13 
-.  11 

+  .23 
+  .  10 

+  .  15 

+  .  35 
+  .  25 
+.01 

+  .  17 

f    11 
+  .  29 
-.  13 
+.04 

Site  1 

Free  moving     

With  opposing  traffic 
Othei 

ll  +  l        MM        l  +  ll        MM        MM        IM-r 

Ml  iim>\  ements 

Site  2: 

Free  moving 

With  opposing  traffic 

(Ulna 

All  movements 

sit-  3: 
Free  moving 

With  opposing  traffic 
Other 

\11  movements 
Site  1: 
Free  moving 

With  opposing  traffic 
Other  .  . 

All  movements 

Free  moving 

With  opposing  traffic 

Other 

Site  6: 
Free  moving 

\(  iih  opposing  traffic 
Other 

All  movements 

distance  conditions  leading  to  the  test  sites 
may  have  had  ;i  relation  to  the  actual  fre- 
quency of  passings  recorded.  The  mile  i imn< •- 
diately  west  of  site  M  had  0.3  mile  of  east- 
bound  no-passing  zones  while  the  mile  easl  of 
site  X.  by  comparison,  had  0.45  mile  <>f  west- 
bound   no-passing   zones.     This    more    severe 


restriction  of  sight  distance  available  for 
passing  on  the  mileage  approaching  site  N 
from  the  east  may  account  for  the  somewhat 
greater  number  of  passings  recorded  at  that 
location.  The  difference  between  the  average 
position  of  the  passing  completion  points  on 
the  two  types  of  barrier-line  marking,  how- 
ever, seems  more  likely  to  be  related  to  the 
difference  in  barrier-line  location  than  to  the 
factor  just  mentioned. 

Obscurement  of  Barrier  Line 

When  the  barrier  line  is  located  in  trie 
center  of  the  driving  lane,  it  is  frequently 
obscured  in  part  or  totally  by  vehicles  on  the 
road  ahead.  Figure  8  lias  been  constructed  to 
show  the  comparative  conditions  of  view  from 
the  driver's  seat  when  trailing  the  vehicle 
ahead  at  various  distances.  It  assumes  that 
the  vehicle  ahead  is  in  normal  position  on  a 
2()-foot  pavement  and  that  the  approach  to  the 
no-passing  zone  is  on  tangent  alinement.  The 
driver  sees  the  Missouri-type  barrier  line  only 
by  looking  under  or  through  the  vehicle  ahead 
and.  for  all  practical  purposes,  his  maximum 
notice  of  the  beginning  of  the  barrier  line  is 
the  distance  between  him  and  the  rear  of  the 
vehicle  ahead.  Overtaking  and  passing  stud- 
ies conducted  on  rural  highways  by  the  Bu- 
reau of  Public  Roads3  indicate  that  the  aver- 
age passing  vehicle  is  approximately  ■">■">  feet 
behind  the  car  ahead  when  it  starts  into  tin- 
left  lane  to  pass. 

With  the  barrier  line  next  to  the  center  line, 
the  driver  can  see  to  a  varying  extent  around 
the  side  of  the  vehicle  ahead  and  his  advance 
view  of  the  barrier  line  is  considerably  longer. 
If  he  moves  laterally  toward  the  center  of  the 
roadway  from  his  normal  position,  prepara- 
tory to  passing,  his  view  of  the  barrier  line 
next  to  the  center  line  increases  rapidly,  as 
indicated  by  figure  8. 


3 Passing  practices  on   mini  highways,  by  C.  W. 
Pri.sk.    Proceedings  of  the  Highway  Research  Board, 

vol.  21.  1041. 


1  Minus  sign  indicates  that  placement  at  night  wasclosi  rto 
roadway  center  line  than  placement  in  daylight;  plus  sign 
indicates  placement,  at  night  farther  away  than  in  daylight. 
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91 
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23 
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National  standard                              . 
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Missouri  standard      _ 

National  standard 
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Under  other  conditions  of  alinement,  the 
comparative  distances  ;it  which  barrier  lines 
at  tlic  two  Locations  could  be  seen  will  differ. 
of  course,  but  there  is  little  doubt  that  the 
advantage  in  driver  viewing  distance  will  re- 
main with  the  national  standard  in  The  major- 
ity of  instances.  The  lack  of  advance  view  is 
believed  to  be  a  prominent  factor  in  the  rela- 
tively poorer  observance  found  at  the  Mis- 
souri-type zone. 

Effect  of  Extended  Barrier  Lines 

As  noted  previously,  the  harrier  lines  were 
extended  to  see  if  this  disadvantage  of  short 
advance  view  of  the  no-passing  zone  could  he 
overcome.  The  200-foot  dashed  and  solid  ex- 
tensions of  the  harrier  lines  did  not  mate- 
rially change  the  average  location  on  the  road 
where  passings  were  completed,  but  they  did 
influence  the  average  placement  of  vehicles 
entering  the  zones.  Table  0  presents  the  aver- 
age placements  obtained  at  each  zone  for 
three  conditions,  viz,  the  normal-length  zone, 
the  zone  extended  at  the  advance  end  with  a 
200-foot  dashed  line,  and  the  zone  extended 
with  a  200-foot  solid  line.  All  three  studies 
were  made  at  the  beginning  of  the  normal- 
length  barrier  line  in  the  two  test  zones. 

The  dashed  extension  on  the  Missouri 
standard  zone  made  no  appreciable  difference 
in  the  average  day  or.  night  placement.  On 
the  national  standard  with  the  dashed  exten- 
sion, however,  the  average  position  of  vehicles 
with  opposing  traffic  was  0.33  foot  farther 
away  from  the  roadway  center  in  the  day 
study  and  0.43  foot  farther  away  at  night. 

With  the  solid  extension,  the  vehicles  with 
opposing  traffic  again  were  affected  the  most. 
No  great  difference  was  found  on  the  Missouri 
zone  in  the  daytime,  hut  at  night  this  class  of 
vehicles  averaged  0.36  foot  farther  away  from 
the  center  line.  On  the  national  standard 
the  difference  was  still  greater.  The  place- 
ment results  with  the  solid  line  extension 
show  that  vehicles  used  a  path  appreciably 
farther  to  the  right  than  they  did  with  no 
extension  or  with  only  a  dashed  line  exten- 
sion, and  that  a  greater  effect  generally  was 
caused  on  the  national  standard  than  on  the 
Missouri  type  zone. 

Opinions   of   Drivers 

The  Missouri  State  Highway  Department, 
using  the  post  card  questionnaire  survey  tech- 
nique, has  solicited  driver  reaction  to  their 
no-passing-zone  markings  on  several  occa- 
sions. One  of  these  surveys  made  a  few  years 
ago,  in  which  almost  12,000  cards  were  passed 
out  to  motorists  and  3. 003  were  returned,  in- 
dicated a  2%  to  1  preference  for  locating  the 
barrier  line  in  the  center  of  the  driving  lane. 

As  a  check  on  this  finding  and  to  eliminate 
any  possibility  of  bias  being  caused  by  having 
motorists  who  are  intrigued  by  novel  traffic 
controls  responding  in  greater  numbers  than 
those  not  so  interested,  a  100-percent  sample 
of  driver  reaction  was  obtained  as  a  phase  of 
the  study.  Interviewers  stationed  at  the  ex- 
tremities of  the  16.3-mile  test  section  stopped 
all  outbound  traffic  and  asked  drivers  these 
questions : 
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Figure  8. — Obscurenienl  of  barrier  line  by  i>ehicles  on  the  road  ahead. 


1.  Did  you   notice  the  two  different   sys- 

tems of  marking  no-passing  zones? 

2.  Do  you   have  a   preference  for  either 

system? 
."..  Which  system  does  your  State  use? 
The  State  of  registration  of  the  vehicle  was 
also  noted  on  the  interview  form.     Station  NQ 
adjoined   the  national   standard,   and  station 
MQ  the  Missouri  standard. 


A  summary  of  the  returns  from  the  l,00o 
drivers  interviewed  appears  in  table  10.  Re- 
plies were  segregated  by  drivers  of  vehicles 
registered  in  Missouri.  States  bordering  Mis- 
souri, and  all  other  States,  to  isolate  the  factor 
of  familiarity.  More  than  93  percent  of  all 
drivers  who  had  traveled  over  the  test  section 
stated  that  they  had  noticed  the  two  types  of 
markings.    As  shown  by  the  reply  to  the  third 


Table  9. — Effect  on  average  transverse  placement  of  extending  no-passing  zone  with  200-foot 

dashed  and  solid  harrier  lines 


Light     condition     and 
i  lovement  classifica- 
tion 

Placement  on  Missouri  standard 

Placement  on  national  standard 

Nor- 
mal 
zone, 
site 
M-2 

Dashed  extension, 
site   M-4 

Solid   extension, 
site  M-6 

Nor- 
mal 
zone, 
site 
N-2 

Dashed  extension, 
site  X  -4 

Solid  extension, 
site  X-ii 

Aver- 
age 
place- 
ment 

Change 

from 
normal  ' 

Aver- 
age 
place- 
ment 

( Ihange 
from 

normal  i 

Aver- 
age 

place- 
ment 

Change 

from 
normal  ' 

Aver- 
age 
I  lace- 
men  t 

i  'hange 

from 
normal  ' 

Daylight  movement: 

All  vehicles      

Free  moving 

With  opposing  traffic. 
Xight  movement 

All  vehicles 

Free  moving 

With  opposing  traffic 

Feet 

4.34 
4.  36 
4.  53 

4.21 
4.20 
4,  48 

Feet 

4.33 
4.  28 
i  58 

4.  28 
4.20 
4.  55 

Feet 
-0.01 
-.08 

+  .05 

+  .07 
0 
+.07 

Feet 
4.48 
4.43 
4   66 

!  30 
4.  20 
4.84 

Feet 
+0.  14 

+  .  07 
+  .13 

+  .09 
0 
+  .36 

Feet 
4.21 
4.  14 
4.  42 

4.29 
4,  2S 
4.  55 

Feet 
4  30 
3.92 
4.75 

4.45 
4.  35 
4.98 

Feet 

+  u  09 

- .  22 

+.  33 

+   16 

+  .07 
+  .43 

Feet 
1  50 
-1  29 
4.  SI 

4.54 

4.  43 

5.  10 

Feet 

+0.  29 
+  .  15 
+.39 

+  .  25 
+  .  15 
+   55 

1  Minus  sign  indicates  placement  with  dashed  or  solid  extension  of  barrier  line  was  closer  to  roadway  center  line  than  with 
normal  length  of  barrier  line;  plus  sign  indicates  i  laeeinent  further  from  center  line. 
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Table  10 

— Summary  of  d 
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Sta- 
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Sta- 
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sta- 
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tion 
MQ 

Total 
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sta- 
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Yes                       
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5 
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3 
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70 
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2 
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2 

3 
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20 
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10 

9 

225 

3 

10 

419 
37 

208 

227 

21 

11 

427 

5 

13 

470 
32 

217 
262 
29 

403 

34 

262 
210 
25 

939 
66 

479 

472 

54 

No                             

Preference: 

Missouri  standard 

National  standard 

System  used  ill  own  State: 
Missouri  standard.  ._-. 
National  standard 
Other 

Not  known. 

East  hound  drivers  were  interviewed  at  the  east  end  of  the  test  section,  at  station  NQ,  adjoining  the  mileage  marked  with 
the  national  standard;  westbound  drivers  at  the  west  end,  at  station  MQ,  adjoining  the  mileage  marked  with  the  Missouri 
standard. 


question,  practically  every  out-of-State  driver 
knew  also  that  his  State  placed  the  barrier 
line  next  to  the  center  line. 

When  asked  for  an  expression  of  preference, 
Missouri  drivers.  border-State  drivers,  and 
other  drivers  were  all  quite  evenly  divided 
between  the  two  systems.  Neither  interview 
station  was  within  sight  of  a  no-passing  zone 
marking,  but  drivers  tended  to  favor  the  mark- 
ing standard  they  had  more  recently  seen. 
Missouri  drivers  at  station  NQ,  for  example, 
wlio  had  just  seen  about  9  miles  of  the  na- 
tional standard  marking,  showed  a  67  to  56 
preference  for  having  the  barrier  line  next  to 
the  center  line,  while  Missouri  drivers  at  sta- 
tion MQ,  having  just  passed  about  7%  miles 
of  the  Missouri  standard,  voted  68  to  63  for 
the  barrier  line  at  the  center  of  the  driving 
lane. 

Summary  of  Findings 

The  findings  of  this  special  study  of  no- 
passing-zone  marking  designs  are  of  necessity 
based  on  observation  and  analysis  of  traffic 
performance  in  a  State  where  only  one  mark- 
ing design  generally  prevails.  That  one  de- 
sign, which  prescribes  the  position  of  the  bar- 
rier line  at  the  center  of  the  driving  lane, 
rather  than  next  to  the  center  line,  is  the 
exception  rather  than  the  rule  among  the 
Suites.  The  operating  experience  from  which 
this  report  has  been  prepared  may  not,  there- 
fore, be  precisely  representative  of  the  per- 
formance that  would  be  found  if  the  situation 
were  reversed  and  the  Missouri  design  were  in 
widespread  use.  To  the  extent  possible,  the 
effects  of  familiarity  have  been  explored  ami 
discussed  so  that  (his  factor  and  the  principal 
data  will  appear  in  their  proper  relation. 

The  major  results  derived  from  comparative 
study  of  vehicles  traversing  the  two  types  of 
no-passing-zone  marking  are  as  follows: 

1.  Average  operating  speeds  500  feet  in 
advance  of  the  no-passing  zones  compared 
were  almost  identical,  and  were  slightly  over 
52  miles  per  hour  for  vehicles  proceeding  to- 
ward the  zone.  At  a  point  300  feet  within 
each  of  the  zones  the  general  average  speed 
level  was  lower  by  2  to  3  miles  per  hour,  and 
i  be  greater  decreases  occurred  with  foreign 
drivers  on  the  Missouri  type  marking  and  with 


Missouri  drivers  on  the  national  standard 
marking.  The  difference  between  the  Mis- 
souri and  the  foreign  drivers'  reaction  to  the 
zone,  measured  in  terms  of  that  speed  change, 
was  larger  at  the  Missouri  zone,  probably  be- 
cause Missouri  drivers  were  better  acquainted 
with  t lie  conventional  barrier-line  location 
than  foreign  drivers  were  with  the  center- 
of-t he-lane  position  used  throughout  Missouri. 

2.  A  remarkable  similarity  exists  between 
the  average  placement  values  obtained  in  com- 
parable studies  at  the  two  sites  for  all  loca- 
tions at  or  beyond  the  start  of  the  barrier  line. 
The  least  difference  between  average  place- 
ments at  comparable  locations  in  the  two  zones 
was  observed  at  a  point  300  feet  beyond  the 
beginning  of  the  barrier  line.  Here,  on  the 
Missouri  marking,  the  average  placement  of 
all  vehicles,  expressed  in  terms  of  the  distance 
from  vehicle  center  to  roadway  center,  was 
4.71  feet  in  the  day  study  and  4.57  feet  at 
night.  Corresponding  values  for  the  national 
standard  zone  were  4.73  feet  and  4.62  feet. 

At  the  two-direction  no-passing  zone  marked 
with  the  Missouri  design,  the  average  place- 
ment for  the  direction  with  a  tangent  approach 
was  4.73  feet  in  the  daytime  and  4.6s  feet  at 
night.  For  the  opposite  direction,  the  respec- 
tive values  were  4.32  feet  and  4.2s  feet,  indi- 
cating only  a  small  difference  between  average 
placements  on  the  one-direction  and  the  two- 
direction  zones. 

3.  The  average  placement  of  vehicles  at  a 
point  300  feet  within  both  types  of  no-passing 
zones  was  from  0.3  to  0.75  foot  farther  from 
the  center  line  than  it  was  for  vehicles  at  the 
beginning  of  the  barrier  line.  The  maximum 
differences  occurred  when  opposing  traffic  was 
in  the  left  lane.  At  both  types  of  zones,  about 
three-fourths  of  all  passenger  cars  traveled 
with  their  centers  in  the  range  of  3.6  to  5.5 
let  of  the  center  line  when  they  were  actually 
within  the  zone. 

4.  Detailed  analysis  of  the  placement  dis- 
tribution pattern  shows  interesting  differences 
between  the  results  obtained  tit  the  two  test 
zones.  On  the  national  standard,  vehicle 
paths  were  somewhat  more  v.  idely  dispersed 
than  on  the  Missouri  zone.  Statistical  meas- 
ures of  dispersion  for  the  placement  data 
show  I  hat  passenger  cars,  for  example,  did  not 


generally  follow  a  central  path  as  precisely  on 
the  national  standard  as  they  did  on  the 
Missouri  zone.  However,  it  is  significant  that 
less  dispersion  in  vehicle  placements  occurred 
within  the  national  standard  zone  than  in  the 
Missouri  zone  when  oncoming  traffic  was  in 
the  opposing  lane. 

5.  Regardless  of  light  condition,  vehicle 
type,  or  class  of  vehicle  movement,  the  per- 
centage of  vehicles  with  their  centers  within 
4.5  feet  of  the  center  line  of  the  pavement  was, 
witli  a  few  minor  exceptions,  less  at  a  point 
300  feet  within  the  national  standard  zone 
than  it  was  at  the  corresponding  location 
marked  with  the  Missouri  design.  The  per- 
centage of  vehicles  that  hail  placements  of 
3.5  feet  or  less  was  a  little  lower  in  the 
Missouri  zone  when  all  classes  of  vehicle 
movement  were  considered  together.  How- 
ever, a  much  smaller  percentage  of  the 
vehicles  with  opposing  traffic  on  the  national 
standard  had  placements  in  this  range  than 
on  the  Missouri  standard  during  the  day.  At 
night  the  corresponding  percentages  were  ap- 
proximately equal.  Without  exception,  fewer 
commercial  vehicles  were  centered  within  3.5 
or  4.5  feet  of  the  roadway  center  in  the  na- 
tional standard  zone.  Their  average  place- 
ment was  also  farther  from  the  center  line, 
5.29  feet  on  the  national  standard  as  compared 
with  4.92  feet  on  the  Missouri  zone  in  the 
daytime,  and  4.91  feet  as  compared  with  4.64 
feet  at  night. 

6.  Study  of  the  difference  between  day  and 
night  placement  data  at  all  comparable  sites 
reveals  that  the  night  averages  were  gen- 
erally closer  to  the  daytime  averages  where 
the  barrier  line  was  next  to  the  center  line. 
At  a  number  of  the  studies  on  the  national 
standard  marking,  the  night  placements  ac- 
tually averaged  slightly  farther  to  the  right 
at  night  than  in  the  daytime.  This  did  not 
occur  at  any  of  the  studies  on  the  Missouri 
zone. 

7.  The  average  driver  completing  a  passing 
maneuver  in  the  vicinity  of  the  test  zones 
overran  the  Missouri  type  no-passing  mark- 
ing by  22S  feet  in  the  daytime  as  compared 
with  86  feet  on  the  national  standard  zone. 
At  night  the  difference  was  not  as  great  but 
the  national  standard  zone  was  still  shown 
more  respect.  E  ctension  of  the  barrier  line 
at  the  advance  end  with  dashed  or  solid  lines 
resulted  in  lengthening  the  average  violations 
roughly  by  the  amount  of  the  extension,  but 
the  extended  barrier  lines  seemed  to  encour- 
age drivers  to  drive  somewhat  farther  from 
the  center  line  as  they  approached  the  zone. 
This  effect  was  more  pronounced  where  the 
barrier  line  was  next  to  the  center  line.  The 
driver's  advance  view  of  the  beginning  of  a 
barrier  line  that  is  located  in  the  center  of 
the  lane  is  definitely  hampered  by  the  geo- 
metric limitations  involved  as  vehicles  trail 
one  another  on  the  approach  to  the  zone.  This 
factor,  could  easily  be  responsible  for  the 
relatively  poorer  observance  recorded  at  the 
Missouri- type  zone. 

8.  .V  100-percent  sample  of  drivers  inter- 
viewed immediately  after  traveling  some  dis- 

t  Contin  ued  mi  page  86 ) 
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Although  it  is  generally  recognized  that 
entrained  air  in  concrete  has  an  adverse 
effect  upon  strength,  exact  information  as  to 
the  amount  of  reduction  to  be  anticipated  at 
the  later  ages  has  been  lacking.  Data  which 
are  presented  in  this  article  indicate  that  for 
the  usual  class  .4  structural  concrete  (6  sacks 
per  cubic  yard  and  3  inch  slump)  a  reduc- 
tion in  compressive  and  flexural  strength  of 
approximately  10  percent  can  be  anticipated 
for  ages  up  to  and  including  5  years.  This 
is  on  the  basis  of  approximately  equal 
cement  content  and  slump  for  both  types  of 
concrete,  and  tvith  the  sand  content  of  the 
air-entrained  concrete  reduced  by  an  amount 
approximately  equal  to  the  volume  of  en- 
trained air.  The  tests  also  reveal  the  influ- 
ence of  the  chemical  composition  of  cement 
upon  the  rate  of  strength  development. 
They  show  that  the  strength  of  concrete  con- 
taining type  II  cement,  although  compara- 
tively low  at  early  ages,  may  exceed  the 
strength  of  concrete  containing  typical  type 
I  cement  (high  in  tricalcium  aluminate)  at 
later   ages    by   a   substantial   amount. 


THE  tests  herein  reported  were  made  pri- 
marily to  obtain  data  on  the  rate  of 
strength  development  of  air-entrained  con- 
crete for  ages  up  to  o  years  as  compared  with 
the  strength  of  similar  concrete  without  air 
entrainment. 

As  the  result  of  over  10  years  practical  ex- 
perience in  the  use  of  air-entrained  concrete, 
most  engineers  have  become  convinced  of  the 
value  of  air  entrainment  to  improve  the  dura- 
bility or  weather  resistance  of  concrete.  It 
has  been  demonstrated  both  by  laboratory  re- 
search and  by  experience  that  the  resistance 
of  concrete  to  frost  action  can  be  increased 
many  fold  by  the  introduction  of  entrained  air 
within  the  range  of  3  to  6  percent.  Unfortu- 
nately, however,  this  improvement  in  dura- 
bility is  almost  always  accompanied  by  a 
reduction  in  strength  which,  at  the  conven- 
tional testing  periods  of  7  and  28  days  and 
for  concrete  containing  approximately  6  sacks 
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of  cement  per  cubic  yard,  usually  averages 
around  10  percent.  This  tendency  to  lower 
strength  has  worried  many  structural  design- 
ers ever  since  air  entrainment  was  introduced, 
not  so  much  because  of  the  early  strength 
loss  as  the  fear  that  still  further  reduction 
in  strength  might  occur  with  increased  age. 
In  the  original  program  prepared  in  1944, 
it  was  planned  to  make  freezing  and  thawing 
tests  as  well  as  strength  tests.  However,  the 
necessity  for  using  the  laboratory's  refrigera- 
tion equipment  for  work  connected  with  the 
war  forced  the  abandonment  of  the  freezing 
and  thawing  tests,  with  the  result  that  only 
that  portion  of  the  program  involving  the 
strength  tests  was  carried  through  to  com- 
pletion. 

Conclusions 

This  report  presents  a  limited  amount  of 
data  which  indicate  that  the  loss  in  compres- 
sive and  flexural  strength,  at  least  insofar 
as  one  class  of  concrete  is  concerned,  when 
the  specimens  are  stored  continuously  moist, 
remains  reasonably  constant  at  about  10  per- 
cent up  to  an  age  of  5  years.  The  test  results 
indicate  that : 

(1)  For  a  typical  class  A  structural  con- 
crete (6  sacks  per  cubic  yard  and  3-inch 
slump),  the  reduction  in  strength  due  to  air 
entrainment  will  average  approximately  10 
percent  for  all  ages  up  to  5  years. 

(2)  Concrete  containing  cements  relatively 
low  in  tricalcium  aluminate  (4  to  7  percent), 
although  lower  in  strength  at  7  and  28  days 
than  similar  concrete  containing  cements  rela- 
tively high  in  tricalcium  aluminate  (11  or  12 
percent),  will  develop  substantially  higher 
strengths  at  ages  of  1  year  or  more. 

Materials  and  Proportions 

Eight  portland  cements,  representing  four 
brands,  were  used  in  these  tests.  The  chem- 
ical and  physical  properties  of  the  cements 
are  given  in  table  1.  In  this  table  cement 
brand  No.  1  is  represented  by  cements  A  and 
B,  brand  No.  2  by  cements  C  and  D,  brand  No. 
3  bv  cements  E  and  F,  and  brand  No.  4  by 


cements  G  and  H.  Cements  A,  C,  E,  and  G 
were  submitted  as  type  I  and  cements  B,  D, 
F,  and  H  as  type  II  cements.  However,  as 
will  be  seen  from  the  analyses,  only  two  of 
the  nominally  type  II  cements  (B  and  H) 
complied  with  the  requirements  of  type  II 
with  respect  to  the  computed  tricalcium  sili- 
cate (CaS  not  to  exceed  50  percent).  Cement 
D  was  just  over  the  limit  on  C3S  with  51  per- 
cent, and  cement  F  was  further  over  the  limit 
with  53  percent  C3S.  Likewise  cement  C,  al- 
though classified  as  type  I,  was  relatively  low 
in  GA.  It  was,  however,  high  in  C3S  with  54 
percent.  Cements  A,  E,  and  G  were  typical 
type  I  cements  relatively  high  in  C3A.  All  in 
a  111  the  eight  cements  cover  fairly  well  the 
range  in  physical  and  chemical  properties  of 
the  types  of  Portland  cement  most  frequently 
used  in  highway  work. 

The  values  for  GA  as  reported  in  table  1 
are  lower  than  those  usually  reported  from 
these  sources.  This  is  partially  explained  by 
the  method  of  making  the  iron  oxide  and 
alumina  determinations.  At  the  time  these 
analyses  were  made  (in  1944)  the  Bureau  was 
still  using  the  Jones  Reductor  for  reducing 
the  iron  and  titrating  with  potassium  per- 
manganate solution.  When  titanium  dioxide 
is  present  in  a  cement  it  is  also  reduced  by 
the  zinc  of  the  Jones  Reductor  and  is  titrated 
along  with  the  iron.  This  results  in  a  high 
value  of  iron  oxide.  Since  alumina  is  eal- 
dilated  by  subtracting  the  iron  oxide  from 
the  total  of  the  ammonium  hydroxide  group, 
it  is  correspondingly  low.  In  the  standard 
procedure  of  the  American  Society  for  Testing 
Materials,  iron  oxide  is  determined  by  reduc- 
tion with  stannous  chloride  which  does  not 
reduce  titanium.  However,  in  the  absence  of 
an  actual  correction  for  titanium  dioxide,  the 
alumina  value  (as  'determined  by  A.S.T.M. 
procedure)  will  include  this  constituent  and 
will  therefore  be  somewhat  higher  than  the 
true  value. 

For  cement  relatively  high  in  C3A,  the  dif- 
ference obtained  by  the  two  methods  is  of 
little  or  no  significance.  However,  in  cal- 
culating the  CiA  content  the  differences  are 
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Table    1. — Properties    of   the   cements 


Brand  1 

Brand  2 

Brand  3 

Brand  4 

•  'cment 

i  'ement 

Cement 

Cement 

( 'ement 

Cement 

i  'ement 

Cement 

|'h\  sical  proppi  1  ios 

\ 

H 

C 

I> 

E 

F 

G 

H 

Apparent   ipccifii  gi  ivit  '• 

3,  1  1 

3.  19 

3.14 

3   16 

3.  17 

3,  1  fi 

.;  13 

3.  17 

-I •.'i-i lii-  Mil  face             -i-iii     "in 

1,640 

1,610 

1,690 

1,580 

1,810 

I.07O 

1,690 

1,720 

Autoclave  expansion                 percent 

(I  15 

n  in 

0   10 

II    IIS 

n  06 

ii  ill 

0.  42 

n  02 

\cnin;il  consistent       .            percent.. 

26  0 

25.  o 

25.0 

24.0 

25  n 

25.0 

26,  (I 

25  n 

Time  ol  set 

Initial                                         hours 

t  n 

1  ii 

5.  II 

4   II 

5,  2 

5.  (I 

5.0 

Final     -                                    hours 

7  2 

6  5 

7.  8 

6.0 

7.5 

7   5 

8.0 

8  (i 

Tensile  strength  (1 :3  hum  tai 

\l    :  i|.i\  -               ......    lb.  pel   sq.  in 

310 

275 

■Jin 

195 

325 

275 

325 

.".in 

At  7  davs.        _         .  lb.  per  sq.  in. 

385 

360 

355 

275 

370 

37(1 

410 

37(1 

u  28  da\  •        .     ....  lb.  per  sq.  in. 

465 

470 

430 

380 

165 

145 

165 

[50 

\;i  rut  rained     . .   .                  percent 

3.  5 

6,  6 

5.0 

1.4 

.;  '.i 

4.  1 

5  ii 

( 'hemicai  anal\  sis  (percent  i: 

silicon  dioxide... _ 

21.30 

21   85 

'.'I   35 

21    55 

21.05 

22.  85 

20.  in 

22  "0 

Aluminum  oxide  -  

6,  49 

4.  42 

4.  66 

4  29 

6.44 

1  09 

6  16 

4.  66 

Ferric  oxide  -'     

2.  96 

t    4S 

3.  11 

)   56 

2.  56 

3.  70 

3.  44 

3,  44 

Calcium  oxide    ...        

63.  HI 

62  90 

63.50 

62  55 

63  65 

64.  65 

62.  7(1 

64.  30 

Magnesium  oxide       

2.  64 

2  73 

2.84 

2  (17 

2.  43 

1    Id 

3  mi 

1.25 

1,  HI 

27 
68 

1   64 
.  23 

14 

1   lis 
.21 
.59 

1.51 
.  23 
.55 

1.70 
19 

Is 

1   22 

.  17 
.47 

1.88 

27 
.52 

1    is 
20 
.  54 

Potassium  oxide 

.006 

1    36 
.004 

1.97 
.  006 

2.14 
.007 

1  .'ill 

003 

1.78 
,  005 

1   62 



1.42 

mis 

t  'hloroform  soluble 

Computed  compound  composition  (per- 

cent i 

Tricalcium  silicate    ... ....... 

42 

.■>n 

54 

51 

4S 

53 

48 

is 

30 

25 

211 

24 

24 

26 

22 

29 

Tricalcium  aluminate  - 

12 

4 

7 

4 

12 

4 

11 

7 

9 

; 

14 
3 

in 
3 

14 
3 

8 
3 

11 
2 

Id 
3 

111 
3 

A.S.T.M.  standard  method  C  185-44. 
-  Ferric  oxide  determined  by  use  of  Jones  Reductor.    See  text,  page  31,  third  column. 


reflected  fourfold.  This  fact,  and  the  practice 
of  rounding  compound  composition  to  the 
nearest  whole  percentage,  means  that  a  dif- 
ference of  only  0.2  to  0.3  percentage  points 
in  the  value  for  alumina  can  mean  as  high  as 
2  percentage  points  difference  in  calculated 
C'sA.  In  the  case  of  low  C*A  cements,  this  may 
easily  affect  the  classification  of  the  cement 
as  tu  type. 

In  order  to  avoid  misunderstanding  and  to 
promote  uniformity,  the  Bureau  dis  ontinued 
the  use  of  the  Jones  Reductor  shortly  alter  the 
analyses  reported  in  this  article  were  made, 
and  the  standard  A.S.T.M.  procedure  is  now 
used  for  all  work.  Unfortunately,  samples  of 
the  particular  cements  used  in  this  study  were 
not  available  Cor  a  repetition  of  the  iron  oxide 
determinations. 

Aggregates  for  the  concrete  were  sand  and 
gravel  from  the  Potomac  River.  The  sand 
was  well  maded.  with  a  fineness  modulus  of 
2.02.  Die  gravel  was  uniformly  graded  from 
No.  4  up  lo  1  '  o-iiich  size.  Bot  h  aggregates  met 
the  conventional  physical  test  requirements 
for  quality.  However,  attention  should  be 
called  to  the  fact  that  Potomac  liiver  gravel 
consists  essenti  ill\  of  siliceous  particles  prin- 
cipally quartz  and  sandstone.  Aggregates  of 
ihis  type  frequently  produce  concrete  of  rela- 
tively low  llexural  strength  as  compared  with 
aggregates  which  are  predominately  calcar- 
eous in  nature.  This  accounts  for  the  rela- 
tively low  values  for  modulus  of  rupture 
which  were  obtained  in  tftis  study. 

Tesl    Series 

Two  series  of  tests  were  made,  one  without 
the  addition  of  an  air-entraining  agent  and  the 
other  in  which  sufficient  neutralized  Vinsol 
resin  was  added  to  produce  an  air  content  of 
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approximately  4  percent.1  For  each  type  of 
concrete  the  same  weight  proportions  were 
used  with  all  eight  cements  with  the  result 
that  the  individual  cement  contents  varied 
slightly  from  the  nominal  value  of  6.0  sacks 
per  cubic  yard  due  to  variations  in  the  water 
demand  of  the  various  cements.  However,  in 
no  case  did  the  actual  cement  content  vary 
more  than  0.08  sack  per  cubic  yard  from  the 
nominal  value.  In  order  to  maintain  the  same 
yield  for  the  a  ir-ent  rained  concrete,  the  abso- 
lute volume  of  sand  was  reduced  by  an  amount 
approximately  equal  to  the  volume  of  added 
air,  the  absolute  volume  of  coarse  aggregate 


'Calculated  in  accordance  with  the  procedure 
described  in  the  American  Society  for  Testing  Ma- 
terials standard  method  C  138  44. 


remaining  the  same.  The  water  content  was 
also  reduced,  as  needed,  in  order  to  obtain 
approximately  the  same  slump.  Complete  mix 
data,  including  air  contents,  are  given  in 
table  2. 

At  the  time  these  tests  were  started,  in 
1!M4,  air  entraiiiinent  was  almost  universally 
obtained  by  the  use  of  a  neutralized  solution 
of  Vinsol  resin,  the  product  of  a  particular 
manufacturer.  Since  that  time  numerous 
proprietary  air-entraining  admixtures  have 
appeared  on  the  market.  .Manx  of  these  are 
neutralized  Vinsol  resins  marketed  under  in- 
dividual trade  names.  Tests  which  have  been 
made  to  date  by  the  Bureau  of  Public  Roads 
indicate  that  any  admixture  which  will  meet 
the  requirements  of  the  American  Society  for 
Testing  Materials  specification  C  260-50T, 
"Specifications  for  air-entraining  admixtures 
for  concrete — tentative."  will  he  satisfactory 
for  use  in  the  manufacture  of  air-entrained 
concrete. 

Two  types  of  specimens  were  made  for  the 
tests:  standard  6-  by  12-inch  cylinders  for 
compressive  strength  tests  and  6-  by  »>-  by 
20-inch  beams  for  Hexnral  strength  tests.  On 
both  types  of  specimens,  strength  determina- 
tions were  made  after  T  days.  28  days.  1  year, 
and  5  years  moist  storage.  Values  reported 
are  the  averages  of  tests  on  three  specimens, 
making  a  total  of  3S4  test  specimens  for  the 
entire  study.  Mixing,  molding,  curing,  and 
testing  operations  were  all  conducted  strictly 
in   accordance  with   standard   procedures. 

Compressive  strength  data  for  each  cement 
for  both  non-air-entrained  and  air-entrained 
concrete  are  given  in  table  3  with  the  corre- 
sponding data  for  titxural  strength  in  table  4. 
The  effect  of  air  entraiiiinent  on  compressive 
and  dexural  strength  is  shown  in  figure  1 
while  in  figure  2  the  same  data  have  been 
plotted  lo  show  the  effect  of  cement  com- 
position. 

Effect  of  Air  Entrainment 

It  will  be  observed  that,  in  the  case  of  all 
e'ght  cements  and  for  both  types  of  test,  the 
introduction  of  entrained  air  caused  a  reduc- 


Table   2. — Mix   data    for   strength    specimens  ' 


Cement 

Vinsol 
resin  -' 

Cement 
content 

Net  water 
content 

Slump 

Weight  nf 

fresh  con- 

c-ete 

Air  con- 
tent 

Non-air-entrained  concrete: 
A 

Perct «' 

Sacks  I'"   yd. 
6.  o 
6.  1 
6.0 
6.  1 
6.0 
6  ii 
6  n 
i,  ii 

6.1 

6.  I 

i,  l 
6.  1 

fi.  1 
6   I 

(.  1 
(i.  ii 

Gal   so  ■/. 
5.4 
5.3 
5   1 
5.3 
5.6 
5.5 
5.5 
5.5 

5.  1 
5.0 

5  1 
5.0 
5.  2 
5.  1 
-  ■) 

5.  (1 

liirln  S 
2.5 
2.7 
2.3 
2.6 
2.4 
3.  (I 
2.7 
2.  fi 

2  7 
2.  0 
2.7 
2  9 
2.7 
2.9 
2  s 
2.  6 

Lb./cu.  ft. 

14S.ii 
149.0 
lis    : 
148  7 
14S.  3 
Its.  7 
IIS   1 
147.7 

144.fi 
144.11 
143.9 
144.5 
144.3 
144.7 
144.7 
143.1 

Percn' 
1.0 

.8 
1.3 

1.2 

.8 

.8 

s 

1.4 

4.0 

4.  1 
4.4 
4.2 
3.9 
3.8 
3.7 
5.0 

B         . 

C 

1)  ..     . 

F    

G 

II 

\  ii  entrained  concrete: 
A.... 

0.  006,-. 

0075 
.0090 

0060 
.0105 
.0080 

0075 
.010(1 

c. 

F 
(1 
H.. 

i 

1  Proportions  by  oven-dry  weight  (in  pounds),  using  No.  4  to  l'j-inch  gravel:    Non-air-entrained  concrete,  94:1m  155; 
air-entrained  concrete.  94.1 15:355. 

-  Percentage  by  weight  of  cement.    Neutralize  1  with  sodium  hydroxide  and  added  in  solution  form. 
3  Tests  made  in  accordance  with  A.S.T.M.  standard  method  ('  138  ll 
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i  inn  iii  strength  af  all  ages,  hi  compressive 
strength  the  percentage  reduction  varied  from 
a  low  of  5  (cement  <;  at  7  days,  cement  E  at 
1  year,  and  cements  B  and  E  at  5  years)  to  a 
high  (if  li)  (cement  II  at  T  and  28  days).  In 
tlexnral  strength  the  corresponding  range  was 
from  a  low  of  •".  (cement  <;  at  28  days)  to  a 
high  of  21  i cement  P>  at  7  days).  In  com- 
pressive strength,  the  average  percentage  re- 
ductions for  all  cements  were  lo  at  7  days,  11 
at  28  days.  12  at  1  year,  and  11  at  5  years. 
In  flexural  strength,  the  corresponding  reduc- 
tions were  11  at  7  days,  7  at  28  days,  !>  at  1 
year,  and  8  at  ~>  years.  It  will  be  seen  from 
these  data  that  the  reduction  of  strength  in 
both  compression  and  in  flexure  averaged  ap- 
proximately 10  percent  for  periods  up  to  and 
including  5  years,  with  tests  in  flexure  tending 
to  show  somewhat  smaller  reductions  than 
those  in  compression. 

These  data  indicate  that  under  certain  con- 
ditions a  strength  reduction  due  to  air  entrain- 
ment  as  high  as  20  percent  might  be  obtained 
without  exceeding  an  air  content  of  5  percent. 
At  first  sight  this  might  seem  to  be  quite 
serious.  However,  if  we  examine  the  strength 
values  themselves  we  note  that  even  in  the  case 
of  cement  H,  which,  with  5  percent  air  in  the 
concrete,  showed  the  largest  reduction  in  com- 
pressive strength,  the  strength  of  the  air- 
entrained  concrete  at  28  days  was  4. ISO  pounds 
per  square  inch,  which  is  roughly  40  percent 
higher  than  the  3,000  usually  assumed  for 
design  purposes  in  the  case  of  class  A  struc- 
tural concrete.  Thus  it  will  he  seen  that  even 
on  the  basis  of  a  19-percent  reduction  in  com- 
pressive strength — the  largest  reduction  in 
compressive  strength  found  in  these  tests — 
there  still  remains  a  fairly  high  factor  of 
safety  in  the  use  of  air-entrained  concrete  in 
cases  where  compressive  strength  is  used  as 
i  he  basis  of  design. 

In  flexure  the  lowest  strength  obtained  with 
any  cement  at  28  days  was  535  pounds  pel- 
square  inch.  This  was  air-entrained  concrete 
containing  cement  II  with  5  percent  air.  As 
previously  stated,  the  Potomac  River  gravel 
which  was  used  in  these  tests,  due  to  its  pre- 
dominately siliceous  composition,  produces 
concrete  having  low  flexural  strength  as  com- 
pared with  concretes  containing  other  types  of 
aggregates,  particularly  those  which  are  pre- 
dominately calcareous  in  composition.  Under 
these  conditions  it  is  difficult  to  meet  the  usual 
strength  design  requirement  of  550  pounds  per 
square  inch  modulus  of  rupture  at  14  days 
without  using  a  cement  content  substantially 
in  excess  of  the  6.0  sacks  per  cubic  yard  used 
in  these  tests.  It  is  recommended,  in  all  cases 
where  aggregate  of  this  type  is  to  be  used  in 
pavement  concrete,  that  the  required  cement 
content  be  determined  by  laboratory  test. 
This  applies  to  both  non-air-entrained  and  air- 
entrained  concrete  but  is  particularly  impor- 
tant in  the  case  of  the  latter  due  to  the  lower 
strength  which  is  usually  obtained. 

Even  in  cases  where  the  aggregates  are  of 
such  a  nature  as  to  develop  high  flexural 
strength  (say  700  to  750  pounds  per  square 
inch  at  14  days)  it  is  good  engineering  to 
design  the  mix  by  laboratory  test  in  order  to 


Table  3. — Compressive  strength  tests  ' 


Cement 

Compressive  strength  (if  non- 
■  1 1  lined  concrete 

Compressive  strength  of  air- 
entrained  concrete 

Reduction  in  strength  due  to  an 
entrainment 

l  year 

5  years 

7<lays 

28  days 

l  year 

5  years 

7  'lays 

28  days 

i  yeai 

5  years 

A 

li 

P.s.i. 
A.  100 
3.  340 
3.  100 
'.'.'.Hill 

3,880 

:(.  Iso 

3.  870 
3.  240 

P.s.i. 

5.510 
5.1110 
4.S50 
1.  500 

5,890 
1,890 
5,630 

5.  150 
5.  180 

P.s.i. 
6,790 

7.300 
li.  200 
6.  470 

6,  sin 

7.  130 
6,  830 
7.270 
6,  850 

7.  ion 

7.4711 
7.  090 

7. 130 
7.010 
7.88(1 

6  070 
7.770 
7.300 

P.s.i. 
.:.  760 
2,  990 
2.  890 

2.  Iso 
3.650 
2.070 

3.  670 

2,  630 

3.  130 

P.s.i. 
4.950 
4,590 

l,  290 

4.  100 

5.  260 

4,  .V20 
4.0511 
4.  180 
4.600 

r 

0.240 
6.260 
5,380 

5,  130 

6,  500 
6,330 

5,  840 

6.  200 
6  030 

P.s  i. 
6  390 

7.090 
6,  230 
6.  130 
6,630 

6.  740 
6.340 
6.  470 

I,,  .Mill 

Pi  Hi  ul 
10 
10 

14 
6 

5 

19 
10 

Pi  in  ill 
10 

s 
12 

y 
n 

8 
12 
19 
11 

Pi  li'i  III 

s 
14 
13 
16 

5 
11 
14 
13 
12 

Pi  TCI  III 
10 

12 
14 

14 
9 
17 
11 

C 

I).      

F, 

F 

(i 

H 

Each  value  is  the  average  of  three  tests  of  6-  by  12-inch  cylinders. 


Table  4. — Flexural  strength  tests  ' 


Cement 

A 

B 

('                    

Modulus  "f  rupture  for  non- 
air-entrained  concrete 

Modulus  of  rupture  for  air- 
entrained  cone  hi, ■ 

Reduction  In  strength  lue  to 
air  entrainment 

7  days 

28  days 

l  year  ■>  years 

7  days 

28  days 

1  year 

5  years 

7  days 

28  days 

l  year 

5  years 

P.s.i. 
575 
,',15 

IS.', 
460 
545 
Is:, 
515 
470 
51 15 

P.s.i. 
635 
6t:. 
565 
595 
620 
615 
610 
595 
010 

P.s.i. 
630 

750 
000 
635 
6711 
700 
625 
685 
070 

P.SJ. 

070 
775 
730 
785 
690 
720 
665 
735 
720 

P.s.i. 

505 
Hi;, 
450 
385 
495 
150 

100 
425 
450 

P.s.i. 

005 
:,oo 
545 
540 
580 
560 
;,oo 
535 
570 

P.s.i. 
600 
655 

570 
.'.0.', 
590 
645 
.V.I.-, 
640 
010 

P.s.i. 
640 
700 
075 
715 
OHO 
670 
620 
080 
605 

Pi  It,  III 

12 

21 

16 

y 

5 
10 

11 

Pi  ret  nt 
5 
9 
4 
9 

6 

y 

3 
10 

Perct  hi 

5 
13 
14 

6 
12 

8 

5 

9 

Ptret  n1 
4 

10 
s 
9 
9 

s 

li 

E  .. 

F 

(, 

11 

Average 

Each  value  is  the  average  of  three  tests  of  6- by  6-  by  20-inch  beams 


realize  the  saving  in  cement  which  the  use  of 
high-strength  materials  may  make  possible. 
The  cement  content  which  will  develop  the 
required  flexural  strength  should  be  used  as 
the  basis  of  mix  design  and  this  can  only  be 
determined    by   test. 

Significance   of   Strength    Reductions 

It  should  lie  noted  that  the  reductions  in 
strength  herein  reported  are  based  on  lab- 
oratory tests  of  carefully  controlled  concrete 
mixtures  and  that  they  therefore  do  not  take 
into  consideration  the  improvement  in  uni- 
formity of  field  mixtures  of  air-entrained  con- 
crete which  may  reasonably  he  anticipated. 
If  is  well  known  that  air-entrained  concrete 
is  much  more  workable  and  therefore  can  he 
placed  with  much  less  danger  of  segregation, 
water  gain,  etc.,  than  concrete  which  does  not 
contain  entrained  air.  'Phis  is  particularly 
true  where  the  concrete  is  to  he  placed  in 
heavily  reinforced  structural  members  where 
workability  is  of  prime  importance.  Under 
these  conditions,  especially,  it  is  felt  that  the 
improvement  in  uniformity  of  the  concrete  in 
the  member  as  a  whole  will  more  than  com- 
pensate for  the  theoretical  loss  in  strength 
due  to  the  entrained  air  as  indicated  by  tests 
of  (i-  by  12-inch  cylinders.  These  benefits  are 
hard  to  measure  quantitatively,  hut  they  are 
none  the  less  real  as  will  be  attested  by  con- 
struction men  generally  wdio  have  used  air- 
entrained  concrete  in  their  work. 

There  is  another  point  which  should  he 
emphasized  wdien  studying  the  significance  of 
strength  losses  due  to  entrained  air.  This  is 
the  relatively  rapid  deterioration  of  non-air- 
i  nt  rained  concrete  exposed  to  severe  weather- 


ing as  compared  to  concrete  containing  en- 
trained air.  The  loss  in  strength  which 
invariably  accompanies  deterioration  due  to 
the  effect  of  alternate  freezing  and  thawing 
may  very  quickly  neutralize  any  initial 
strength  advantage  the  non-air-entrained  con- 
crete may  have  enjoyed. 

Effect  of  Cement  Composition 

The  rather  wide  variations  in  chemical  com- 
position of  the  eight  cements  used  in  this 
study  make  it  possible  to  study  to  a  limited 
degree  the  age-strength  relations  as  they  are 
affected  by  variations  in  the  three  major  com- 
pounds in  cement — tricalcium  silicate  ii'Si, 
dicalcium  silicate  (C»S),  and  tricalcium  alu- 
minate  (C3A).  As  previously  stated,  it  was 
the  original  intent  to  obtain  a  typical  type  I 
and  a  typical  type  II  cement  from  each  of 
the  four  companies  supplying  cement  for  this 
investigation.  In  figure  2  the  concrete 
strengths  obtained  with  the  four  pairs  of  ce- 
ments that  were  actually  supplied  have  been 
plotted  in  such  a  way  as  to  reveal  the  effect 
of  variations  in  composition  of  each  pair  sei>- 
arately.  The  computed  percentage  of  <\A. 
C3S,  and  CsS  for  each  cement  is  also  shown 
at   I  he  top  of  figure  2. 

The  effect  of  composit  ion  on  rate  of  st  reiigt  h 
development  is  immediately  apparent.  For 
example,  concrete  containing  cement  B  with 
4  percent  C3A,  although  with  one  exception 
lower  ill  both  compressive  and  tlexnral 
Strength  than  concrete  containing  cement  A 
at  7  and  28  days,  is  considerably  higher  in 
strength  at  the  later  ages  of  1  and  5  years. 
The  same  is  generally  true  of  concrete  con- 
taining cements  E  and   V  and  cements  (I   and 
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11  where  similar  variations  in  C»A  ar.e  indi- 
cated. Only  in  the  ease  of  cements  C  and  1> 
are  the  rates  of  strength  development  about 
the  same.  In  this  ease,  both  cements  are  suf- 
ficiently low  in  c..\  to  be  classified  as  type  II 
cements  although  neither  would  qualify  insu- 
lar as  (  \S  is  concerned.  It  may  also  be  noted 
that  the  two  cements  giving  the  highest  com- 
pressive strengths  at  5  years  (F  and  H)  in 
non-air-entrained    concrete    are    also    highest 


in  combined  <';S  and  C2S  1  7'-*  and  77  percent. 
respectively)  while  cement  G,  which  shows  the 
lowest  combined  C3S  and  C2S  <  T* >  percent), 
developed  the  lowest  compressive  strength  in 
non-air-entrained  concrete  at  •">  years.  In 
the  case  of  flexural  strength,  cements  L!  and 
])  (with  4  percent  C3A  and  To  percent  com- 
bined (\;S  and  C2S)  developed  the  highest 
strength  at  5  years  with  cement  G  having  the 
lowest  strength. 


The  above  trends  with  respect  to  cemen 
composition,  although  not  startling,  are  0 
interest  largely  because  they  verify  by  actna 
test  the  generally  accepted  theories  regardin: 
the  effect  of  cement  composition  on  rate  0 
strength  development.  They  show  in  genera 
that  concrete  containing  type  II  cement,  al 
though  low  in  early  strength,  is  apt  to  exceei 
the  strength  of  concrete  containing  type 
cement  by  substantial  amounts  at  later  ages 


The  Effect  of  Barrier-Line  Location  at  No-Passing  Zones 


tance  over  both  types  of  marking  indicated 
that  their  preference  was  far  from  being  one- 
sided. Of  the  1,00a  drivers  questioned,  479 
preferred  the  .Missouri  design,  472  preferred 
the  national  standard,  and  54  bad  no  choice. 


(Continued  from  page   10) 

The  expression  of  Missouri  drivers  alone  was 
130  to  124  tor  placing  the  barrier  line  next  to 
the  center  line,  while  21  stated  they  had  no 
preference  The  survey  revealed  too  that  over 
1)3  percent  of  the  drivers  had  noticed  the  two 


types  of  marking,  and  that  most  foreign  driv 
ers  were  aware  that  their  State  placed  th< 
barrier  line  adjacent  to  the  center  line,  wind 
is  the  location  recommended  as  the  nationa 
standard. 
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Roads,  Washington  25,   D.  C. 
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Highway  Transportation  Economics 
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ssociate  Research  Economist, 
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and  Traffic  Engineering, 
niversity  of  California 


"N  discussing  a  subject  as  broad  as  highway 
.  transportation  economics  it  is  necessary  to 
loose  the  issues  which  seem,  to  the  writer  at 
ast,  to  be  most  challenging.  What  will  be 
^tempted  is  a  portrayal  in  broad  outlines  of 
le  place  of  transportation  in  general,  and 
ighway  transportation  in  particular,  in  the 
lodern  economy.  Also  to  be  pointed  up  are 
«ne  of  the  broad  economic  issues  which  are 
I  great  concern  to  the  public  generally  and 
lould  be  of  even  greater  concern  to  those 
irectly  connected  with  the  transportation 
idustry. 

BASIC  ECONOMIC  CONCEPTS 

Economics  is  the  study  of  the  utilization  of 
mited  resources  to  satisfy  human  wants;  it 
i  a  study  of  the  production,  distribution,  and 
msumption  of  goods  and  services.  It  is 
asically  concerned  with  the  allocation  of  re- 
Durces  among  the  various  uses  to  which  they 
lay  be  put.  As  we  shall  see,  in  the  modern 
conomy  a  considerable  share  of  our  economic 
[forts,  of  our  labor,  capital,  and  managerial 
bility,  is  devoted  to  supplying  transportation 
srvice;  and  a  considerable  share  of  our  in- 
omes  goes  to  pay  for  that  service. 

Transportation  Funda tn en ta Is 

Transportation  service  may  satisfy  human 
rants  directly,  as  in  the  case  of  pleasure 
[riving  or  vacation  travel,  or  it  may  play  a 
ital  role  in  the  productive  process,  as  in  the 
ase  of  bringing  raw  materials  to  the  factory 
,nd  distributing  finished  goods  to  the  market. 
n  economic  parlance,  transportation  adds 
ilace  utility  to  goods  and,  hence,  increases 
heir  value;  otherwise  it  would  not  exist, 
rhese  ideas  may  seem  self-evident;  but  the 
ignificance  of  transportation's  role  in  a  pro- 
gressive economy  is  not  often  fully  appreci- 
ited.  In  fact,  transportation  is  sometimes 
ooked  upon  as  a  necessary  evil,  an  unfortu- 
late  economic  waste.  Often  neglected  is  the 
vay  in  which  an  efficient  transportation  sys- 
,em  increases  our  standards  of  living  and 
:ontributes  to  our  social  well-being. 

Consider  for  a  moment  the  primitive  Ameri- 
;an  frontier  town  with  its  poor  transportation 
acilities,  and  contrast  it  with  the  United 
states  of  today  and  its  complex  network  of 
ransportation.  Only  a  moment's  reflection 
hows  that  adequate  transportation  makes 
|  or  a  tremendous  difference  in  the  economy. 
)f  course,  transportation  has  always  been 
i  ital,  even  in  the  primitive  economy— even 

,  UBLIC  ROADS  •  Vol.  27,  No.  3 

211301—52 


PUBLIC  ROADS  takes  pleasure  in  presenting  this  stimulating  discussion  of 
highway  transportation  economics  by  Richard  Zettel  of  the  Institute  of  Trans- 
portation and  Traffic  Engineering,  University  of  California.  It  is  certain  to  be 
of  keen  interest  to  layman,  engineer,  and  economist  alike. 

It  would  require  a  weighty  volume  to  detail  exhaustively  the  maze  of  factors 
that  complicate  the  problems  of  transportation  economics.  Many  of  the  factors, 
as  the  author  points  out,  are  unmeasurable  at  present  and  may  remain  so.  It 
is  in  the  presentation  of  the  problems  of  highway  transportation  economics  that 
this  article  has  its  strength.  Specific  solutions  are  not  offered.  Indeed,  there 
are  no  acceptable  solutions  to  many  of  the  problems  that  exist — at  least,  none  to 
which  all  interested  parties  can  now  agree. 

One  of  the  basic  difficulties,  Mr.  Zettel  notes,  is  to  get  and  retain  perspective. 
What  is  the  proper  position  of  highway  transportation  in  the  total  transportation 
field?  How  should  highway  costs  be  assigned  among  the  various  classes  of  motor 
vehicles,  and  what  responsibility  should  be  assumed  by  the  general  public  as 
distinct  from  highway  users?  What  are  our  highway  needs  today,  and  how  shall 
costs  and  benefits  be  related?  And  what  is  the  public  willing  to  pay?  How 
should  highway  needs  be  measured  in  relation  to  other  needs  for  the  general 
welfare? 

Extensive  research  may  eventually  produce  enough  statistical  data  to  permit 
derivation  of  theoretical  solutions  for  some  of  these  problems.  But  in  the  final 
analysis,  as  the  author  indicates,  many  decisions  must  rest  upon  collective 
judgment  expressed  through  legislative  bodies.  It  is  hoped,  of  course,  that 
research  will  whittle  away  at  the  edges  of  the^  imponderables  and  provide  bases 
for  sounder  judgments  which  will  reduce  the  imbalances  and  inefficiencies  that 
may  be  present  in  our  transportation  system  today. 

As  Mr.  Zettel  points  out,  we  may  take  comfort  from  the  fact  that,  despite  all 
the  difficulties  and  confusion,  we  have  a  complex  yet  effective  and  competent 
transportation  system  in  this  country.  The  effectiveness  of  the  great  productive 
machine  that  has  made  possible  our  high  standards  of  living  cannot  be  attributed 
alone  to  the  wealth  of  our  natural  resources,  the  skill  of  our  labor  forces,  and  our 
efficient  use  of  capital.  It  rests  also,  in  no  small  measure,  upon  this  remarkably 
capable  transportation  system  which  we  have  developed. 

And  highway  transportation,  all  things  considered,  is  perhaps  the  most  im- 
portant of  all,  the  author  believes.  Not  only  is  it  a  potent  competitive  force,  but 
it  complements  all  other  modes  of  transportation  and  plays  an  indispensable 
role  in  the  direct  satisfaction  of  human  wants.  A  continuation  of  the  phenom- 
enal progress  of  the  past  50  years  is  one  of  the  great  challenges  of  the  future. 

Engineers,  economists,  and  public -finance  experts  may  not  all  see  eye  to  eye 
with  some  of  Mr.  Zettel's  theses  and  interpretations  of  available  statistics,  and 
publication  of  the  article  here  does  not  signify  that  the  Bureau  of  Public  Roads 
necessarily  vouches  for  it  in  entirety.  The  subject  is  so  broad,  so  little  explored, 
and  so  unsupported  by  facts,  that  lack  of  agreement  is  to  be  expected.  Never- 
theless, the  reading  of  so  thought-provoking  a  discussion  cannot  fail  to  stimulate 
all  who  have  an  interest  in  highways  and  transportation. 


when  it  was  pack-a-back.  When  early  man 
learned  to  transport  fish  and  game  he  im- 
proved his  standard  of  living.  Transporta- 
tion meant  economic  progress.  Until  iron 
ore  and  fuel,  not  10  miles  apart,  could  be 
brought  together  steel  could  not  be  made. 

Even  today,  one  of  the  basic  requirements 
for  economic  progress  in  the  underdeveloped 
areas  of  the  world  is  improved  transportation, 


for  the  richest  of  resources  have  no  value 
unless  they  can  be  moved,  put  into  usable 
form,  and  then  brought  to  the  consumer.  In 
a  very  real  sense,  the  story  of  transportation 
is  the  story  of  civilization  and  economic 
progress.  It  is  not  surprising,  then,  that 
some  have  said  the  greatest  invention  of  all 
time  was  the  wheel.  The  anthropologist  and 
the  historian,  the  political  scientist  and  the 
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A  considerable  share  of  our  economic  effort  is  devoted  to  supplying  transportation  services. 
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sociologist,  frequently  find  explanations  of 
institutional  settings  and  cultural  activities 
rooted  in  the  prevailing  transportation  pat- 
terns of  the  times. 

Transportation  and  Trade 

Transportation  is  the  prerequisite  of  trade. 
The  travels  of  a  Marco  Polo,  the  explorations 
of  a  Columbus,  were  undertaken  for  purposes 
of  trade,  which  presupposes  transportation. 
Without  improved  transportation  a  commun- 
ity, or  a  nation,  is  limited  to  the  goods  it 
produces  for  itself.  And  transportation  plays 
a  more  subtle  role  in  our  economy  than  merely 
permitting  us  to  trade  goods  we  have  for  those 
we  have  not. 

Much  of  our  modern  economic  progress  may 
be  attributed  to  regional  specialization  or 
division  of  labor,  which  tremendously  increases 
our  productive  capacity  by  increasing  effi- 
ciency and  making  large-scale  manufacturing 
possible — both  by  bringing  together  the  ma- 
terials needed  and  by  distributing  the  products 
•*  to  expanded  markets.  Consider  the  steel  in- 
dustry of  Pennsylvania,  citrus  production  of 
California  and  Florida,  cotton  and  tobacco 
raising  in  the  South,  lumbering  in  the  North- 
west, the  automobile  industry  of  Detroit — and 
reflect  on  whether  any  of  these  would  have 
been  possible  without  improved  transporta- 
tion. 

Transportation  and  Prices 

Transportation  serves  a  useful  function  in 
equalizing  and  stabilizing  prices.  Improved 
transportation  effectively  stays  the  develop- 
ment of  local  monopolies.  It  assures  that  a 
crop  failure  in  one  area  will  not  bring  disaster, 
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for  foods  from  other  areas  can  be  imported. 
Improved  transportation  increases  competi- 
tion, for  when  prices  in  one  area  are  raised 
above  the  cost  of  production  in  another  area 
plus  the  cost  of  transportation,  products  will 
be  imported.  An  important  feature  of  our 
economic  system,  directly  related  to  the  ade- 
quacy of  transportation,  is  the  extent  of 
healthy  competition  that  takes  place  between 
suppliers  at  the  fringes  of  market  areas. 
(Delivered  price  arrangements  and  basing- 
point  systems  involving  conditions  of  monop- 
oly, oligopoly,  or  monopolistic  competition 
present  issues  which  are  not  considered  here. 
It  is  sufficient  to  say  they  do  not  vitiate,  nor 
detract  from,  the  main  thesis  presented.) 

Transportation  and  Land  Use 

Transportation  has  a  profound  effect  upon 
land  uses  and  values.  Some  figures  of  the 
1850's  are  available  showing  that  a  farmer 
would  receive  $48  a  ton  net  for  wheat  if  his 
land  was  only  10  miles  from  the  major  market, 
but  the  net  price  to  a  farmer  300  miles  away 
would  be  only  $4}i — less  than  10  percent  as 
much.  The  difference  was  the  cost  of  trans- 
portation by  road.  Now,  if  the  direct  costs 
of  producing  wheat  at  the  "distant''  point 
exceeded  $4}/2  a  ton,  land  there  would  have 
had  no  value  for  wheat  production.  However, 
if  the  direct  costs  were  $2  at  both  points,  land 
rent  (for  an  acreage  on  which  a  ton  of  wheat 
could  be  produced)  would  have  been  $46  per  ton 
at  the  closer  point  as  compared  with  $2}i  at 
the  distant  point.  The  value  of  the  closer 
land  would  have  been  more  than  18  times  that 
of  the  distant  land. 

Today,  fertile  lands  in  many  areas  of  the 
world  still  stand  idle  because  of  prohibitive 


transportation  costs.  A  reduction  in  the  cost 
of  transportation  would  tend  to  increase  land 
values  in  the  remote  regions  but,  at  the  same 
time,  more  land  would  be  brought  under  cul- 
tivation and  prices  would  tend  to  fall. 

Many  interesting  phenomena  in  land  use 
can  be  explained  by  analysis  of  transportation 
conditions.  In  the  early  days,  whiskey  pro- 
duction became  an  important  industry  west 
of  the  Alleghenies;  it  was  too  costly  to  ship 
wheat  except  in  bottled  form.  Illinois  and 
Iowa  both  produced  great  quantities  of  corn, 
but  hog-raising  became  a  much  more  extensive 
industry  in  Iowa;  while  it  was  profitable  to 
ship  corn  to  market  from  Illinois,  the  higher 
transportation  costs  from  Iowa  made  it  neces- 
sary to  convert  corn  to  meat  prior  to  shipment. 

Examples  of  the  profound  and  generally 
beneficial  economic  effects  of  improved  trans- 
portation are  almost  limitless  in  number  and 
variety.  For  instance,  urbanization  and  the 
later  phenomenon  of  suburbanization  would 
have  been  impossible  without  adequate  trans- 
portation. The  main  point  to  be  emphasized, 
however,  is  that  good  transportation  serves  to 
reduce  the  costs  of  production,  even  though  it 
is  itself  a  cost  of  production. 

Passenger  Transportation 

A  comment  or  two  should  be  added  with 
respect    to    passenger    transportation.     That 
large  portion  which  is  indulged  in  for  business  | 
purposes    is    subject   to   the    same   economic  i 
considerations    already    suggested.      For    ex- 
ample, it  permits  a  greater  technical  division  i 
of  labor  and  thereby  promotes  efficiency  in  1 
production.     On    the    other    hand,    personal 
transportation  for  pleasure  is  consumption — I 
the  direct  satisfaction  of  human  wants.     As  in 
the  purchase  of  any  other  goods  or  service, 
the  public  interest  is  to  get  it  as  cheaply  as 
possible. 

A  General  Conclusion 

What  has  been  said  is  intended  primarily  to 
establish  not  only  that  transportation  is  in- 
dispensible  in  a  progressive  society,  but  also  that 
any  lowering  of  the  costs  of  transportation  it 
good  for  the  general  economic  welfare 
Transportation  is  one  of  the  costs  of  pro- 
duction. Whenever  any  of  these  costs  is 
reduced  our  economy  is  strengthened;  our 
standards  of  living  can  be  raised.  It  is  vitally 
important,  however,  that  we  bear  in  mind  a 
clear  concept  of  economic  costs.  By  lower- 
ing the  costs  of  production  we  mean  either 
(1)  producing  the  same  amount  of  goods1 
and  services  with  a  lesser  expenditure  of 
economic  resources — labor,  capital,  and  land,|| 
or  (2)  producing  a  greater  amount  with  the 
same  expenditure.  From  this  it  follows  that 
when  we  appraise  the  costs  of  transportation 
service  we  must  include  all  of  the  economic 
costs.  It  matters  not  whether  the  costs  arci 
met  publicly  or  privately.  Unfortunately,  al 
prevalent  tendency  in  some  quarters  is  td 
ignore  such  costs  as  highway  improvement.' 
navigation  development,  or  airport  provision 
when  they  are  paid  for  by  government — a* 
subject  about  which  more  will  be  said. 
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ODAY'S    TRANSPORTATION    SYSTEM 

We  have  in  this  country  a  highly  developed 
nd  extremely  complicated  system  of  domestic 
ransportation,  consisting  in  the  main  of  rail- 
oads,  waterways,  highways,  pipelines,  and 
irlines.  A  few  figures,  taken  more  or  less  at 
andom,  indicate  the  significance  of  transpor- 
ation  in  the  United  States.  In  1950  it  was 
stimated  that  intercity  freight  traffic 
mounted  to  1.017  billion  ton-miles.  That 
gure  may  mean  more  if  we  realize  that  we 
loved  in  intercity  transportation  1  ton  of 
reight  about  6,800  miles  for  every  man, 
roman,  and  child  in  the  country.  In  the 
ame  year,  our  people  traveled  an  estimated 
00  billion  passenger- miles  in  intercity  move- 
lent — the  equivalent  of  2,600  miles  for  every 
erson.  The  movement  of  people  and  goods 
ithin  cities  adds  substantially  to  these 
gures. 

We  have  built  up  a  tremendous  private  and 
ublic  investment  in  transportation  facilities. 
lore  important,  however,  is  the  amount  we 
re  expending  annually  for  transportation, 
'he  figures  are  astounding.  It  is  estimated 
hat  expenditures  for  personal  transportation 
i  1950  totaled  almost  $23  billion — almost  12 
ercent  of  our  total  consumption  expendi- 
ures — and  that  figure  does  not  include  any 
xpenditures  for  transportation  service  that 
ras  incorporated  in  the  prices  of  things  we 
ought.  The  combined  freight  revenues  of  Class 
railroads  and  Class  I  motor  carriers  of  property 
lone  was  in  the  neighborhood  of  $12  billion 
\  1950.  For  the  development  and  promotion 
f  all  kinds  of  domestic  transportation  the 
'ederal  Government  alone  is  spending  about 

billion  dollars  annually.  We  need  not 
ancern  ourselves  too  much  with  figures  of 
his  sort.  But  we  should  realize  that  about 
ne-fifth  of  our  total  national  effort  is  being 
xpended  for  transportation  service — an  appre- 
iable  slice  of  the  national  economy. 

Highway  Transportation 

Of  particular  interest  in  this  discussion  is 
ighway  transportation.  The  motor  vehicle 
as  virtually  revolutionized  the  industry, 
barely  more  than  50  years  ago  one  of  our 
;ading  economists  could  say:  "The  road  sys- 
jm  as  a  matter  of  national  importance  is  a 
hing  of  the  past."  Today  in  excess  of  50 
lillion  motor  vehicles — 9  million  of  which  are 
rucks  and  busses — are  operating  on  our  high- 
ray  plant.  In  1950  we  traveled  more  than 
37  billion  passenger-miles  and  carried  126 
illion  ton-miles  of  freight  over  the  highways 
etween  cities.  We  consumed  almost  36 
illion  gallons  of  motor  fuel  on  our  roads  and 
treets.  We  had  about  one  passenger  car  for 
very  3.7  persons  and  more  than  one  truck  for 
very  18  persons  in  1950. 

The  magnitude  of  finances  involved  is  per- 
aps  more  important.  Retail  sales  of  auto- 
lobiles  and  automotive  products  exceeded 
26  billion  in  1948 — more  than  20  percent  of 
11  retail  sales  in  the  country.  It  has  been 
stimated  that  the  total  annual  cost  of  high- 
ray  transportation  is  somewhere  in  the  neigh- 
orhood  of  $40  billion — about  one-seventh  of 
he  gross  national  product.     One  worker  out 


of  seven  is  employed  in  some  phase  of  highway 
transportation. 

Total  expenditures  for  highways  are  almost 
as  astonishing.  We  are  attempting  to  main- 
tain and  improve  a  road  and  street  plant  of 
more  than  3,300,000  miles.  In  this  effort  we 
have  spent  more  than  $60  billion  for  highway 
construction  and  maintenance  in  the  last  three 
decades.  In  1950  we  spent  more  than  $4  bil- 
lion for  highway  purposes,  of  which  $2.4 
billion  was  for  construction  and  rights-of-way 
for  State  highways  and  local  roads  and  streets. 
We  collected  more  than  $2.6  billion  from 
highway  users  in  the  form  of  State  road-user 
taxes,  and  large  additional  amounts  in  Federal 
excises  and  other  general  taxes. 

Competition    in    Transportation 

Highway  transportation  has  changed  a 
situation  of  virtual  monopoly  to  one  of  very 
considerable    competition.     The    competitive 


relations  among  carriers  are  a  matter  of  basic 
interest  to  the  economist.  It  is  difficult  to  get 
a  good  grip  on  this  problem,  however,  for  each 
of  the  carrier  groups  has  distinctive  character- 
istics. In  important  areas  they  are  comple- 
mentary rather  than  competitive.  For 
example,  trucking  within  cities  does  not  com- 
pete with  rails  or  other  modern  forms  of 
transport.  Most  trucking  from  farm  to  mar- 
ket or  railhead  is  not  competitive.  Even  if 
certain  goods  are  moved  by  rail  or  water  or  air 
one  time  or  another,  at  some  time — probably 
many  times — during  the  flow  from  producer 
to  consumer  the  goods  are  moved  by  truck. 
Many  such  movements  are  not  competitive. 
Yet  there  is  no  doubt  that  truck  transpor- 
tation is  making  serious  inroads  on  rail  trans- 
portation. In  1950,  trucks  hauled  12.4 
percent  of  the  total  ton-miles  of  intercity 
freight.  The  rails  hauled  60.4  percent,  and 
water,  air,  and  pipelines  accounted  for  the 
rest.     As     between     trucks     and     rails,     the 


Transportation  service  brings  ran-  materials  to  the  factory  (secondary  road  in  Oregon) 


and  distributes  finished  goods  to  the  market.     (Maine  Ave.,  Washington,  D.  C.) 
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utageswere  )  6  for  trucks  and  84  for  rails. 

The    railroai  s    recognize    that 

only  a  fraction  of  all  trucks  are  actually  com- 
petitive. They  developed  figures  for  1948 
indicating  that  only  400,000  of  the  more  than 
7  million  trucks  then  in  operation — those  I 
called  the  "highway  freighters" — were  truly 
competitive.  However,  it  was  also  estimated 
that  these  vehicles  carried  about  72  percent 
of  the  intercity  truck  traffic  freight,  ton-miles. 
This  would  indicate  a  total  of  about  63  billion 
ton-miles.  In  the  same  year,  the  rails  carried 
643  billion  freight  ton-miles— over  10  times 
as  much. 

To  carry  all  of  the  freight  traffic  in  trucks, 
assuming  it  were  at  all  possible,  would  seem  to 
require  about  4,400,000  "highway  freighters." 
One  may  wonder  what  sort  of  highway  system 
would  be  required  to  accommodate  11  times 
as  many  large  motor  freight  carriers  as  we 
now  have.  But  all  this  is  mere  speculation 
because  there  are  sound  economic  reasons 
why  trucks  could  not  handle  all  the  bulk,  low- 
value,  long-haul  traffic  that  is  today  moving 
by  rail  and  water.  It  would  seem  that  any 
talk  about  decadence  of  the  railroad  industry, 
as  if  it  were  on  the  way  out  because  of  truck- 
ing, is  premature — to  say  the  least. 

Trends  in  Transportation 
Competition 

The  real  significance  of  highway  transporta- 
tion is  not  measured  by  the  relative  magni- 
tudes, however.  The  trends  are  the  important 
thing.  For  example,  in  1940  there  were 
4,900,000  trucks  on  our  highways.  The  1951 
estimate  is  9,100,000 — -nearly  double.  The 
sizes  of  vehicles,  the  loads  carried,  and  the 
distances  run  have  also  increased  phenom- 
enally. The  Bureau  of  Public  Roads  esti- 
mated that  loaded  truck  combinations  carried 
91.4  billion  ton-miles  of  freight  in  1950  on 
main  rural  roads,  as  compared  with  13.7 
billion  in  1936 — an  increase  of  565  percent. 
On  the  other  hand,  single-unit  trucks  carried 
14.3  billion  ton-miles  in  1936  and  29.6  billion 
ton-miles  in  1950,  an  increase  of  107  percent. 
Average  weights  of  loaded  combinations  on 
the  main  rural  roads  increased  55  percent 
between  the  1936-37  period  and  1950;  average 
weights  of  loaded  single-unit  trucks  increased 
11  percent  in  the  same  period. 

Here  is  another  important  trend.  The 
revenues  of  steam  railways  were  $4,050  million 
in  1939  and  $9,587  million  in  1950,  but  the 
revenues  of  motor  carriers  of  property  subject 
to  regulation  of  the  Interstate  Commerce 
Commission  increased  from  $792  million  .in 
1939  to  $3,737  million  in  1950— an  increase 
of  372  percent  for  trucks  as  compared  with 
137  percent  for  rails. 

A  matter  of  grave  concern  to  the  railroads 
is  the  fact  that  rail  revenues  went  down 
significantly  in  1945  and  1946  but  in  these 
years  motor  carrier  revenues  continued  to 
increase.  Again,  in  1949  there  was  a  sig- 
nificant 11  percent  drop  in  rail  revenues  from 
the  preceding  year,  but  the  revenues  of  motor 
carriers  of  property  increased  8  percent. 

One  of  the  important  facts  revealed  by  the 
comparative    data    is    this:  Although     ICC 
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Savings   in   operation   may  justify   substantial   investments   in    highway    improvement. 

(Eastshore  Freeway,  California) 


regulated  motor  carriers  of  property  in  1948 
hauled  only  6.6  percent  as  much  freight 
as  rails  in  terms  of  freight  ton-miles,  their 
revenues  were  34.7  percent  as  much  as  the 
rails.  In  1950  Class  I  motor  carriers  re- 
ceived about  5.2  cents  per  ton-mile  as  com- 
pared with  about  1.3  cents  for  rails.  Thus, 
it  is  clear  that  truck  traffic  is  considerably 
more  remunerative  than  rail  traffic  on  a 
freight  ton-mile  basis. 

Now,  there  are  several  reasons  for  this. 
In  general,  motor  carriers  carry  more  valu- 
able, higher-rated  commodities;  rates  for 
less-than-carload  traffic  are  higher  than  for 
carload  traffic;  rates  for  long  hauls  are  lower 
on  a  ton-mile  basis  than  for  short  hauls. 
To  the  extent,  however,  that  trucks  drain  off 
the  cream  of  the  traffic,  the  problem  of  the 
rails  is  intensified,  for  they  are  left  with  the 
less  remunerative  traffic  which  may  little 
more     than     cover    out-of-pocket     costs.     A 


continuation  of  this  trend  would  have  a 
serious  impact  on  the  rate  structures  and 
financial  stability  of  rail  carriers. 

Advantages  of  Highway 
Transporta  tion 

Little  time  need  be  spent  here  in  exploring 
reasons  for  the  phenomenal  growth  of  for-hire 
highway  transportation.  Its  obvious  ad- 
vantages are  flexibility  and  adaptability  and 
these  add  up  to  economy  and  speed.  Of  the 
two,  speed — the  time  elapsed  from  initiation 
of  the  shipment  to  delivery  at  the  destination 
— is  the  more  important  in  many  current 
situations,  for  time  in  transit  can  be  quite 
costly  to  both  consignors  and  consignees. 
More  rapid  transport  has  fostered  the  smaller 
inventory  policies  of  many  businesses  and  has 
resulted  in  substantial  interest  savings. 
Another  of  the  inherent  advantages  of  highway 
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transportation  is  the  ability  of  the  motor 
carrier  to  adapt  the  size  of  the  vehicle  to  the 
shipment,  thus  making  the  industry  especially 
capable  of  handling  less-than-carload  freight 
expeditiously.  Door-to-door    service,    less 

handling  of  goods,  lower  packing  costs,  are 
among  the  many  other  factors  that  contribute 
to  the  success  of  the  trucking  industry. 

Another  factor  partly  responsible  for  the 
initial  success  of  trucking  was  certain  rate- 
making  policies  that  had  been  well  established 
while  rails  had  a  near  monopoly  of  the  traffic. 
For  example,  predominant  emphasis  on  value- 
of-service  rather  than  on  cost,  in  fixing  rates, 
and  preferential  treatment  of  long-haul  over 
short-haul  traffic,  provided  a  situation  in 
which  a  new  group  of  carriers,  already  having 
certain  inherent  advantages,  could  rather 
easily  attract  a  substantial  amount  of  the  more 
remunerative  business.  Not  to  be  over- 
looked, also,  is  the  fact  that  the  motor  vehicle 
provided  an  opportunity  for  producers  to 
haul  their  own  goods  whenever  rates  seemed 
out  of  line  or  it  seemed  convenient  to  do  so. 
The  significant  fact  is  that  the  development 
of  highway  transportation  has  transformed 
an  industry  of  monopolistic  characteristics 
to  one  of  intense  and  effective  competition — 
a  condition  that  the  general  public  and  policy 
makers  have  been  somewhat  slow  to  recognize 
and  appreciate. 

An  outstanding  feature  distinguishing  high- 
way from  rail  transportation  is  the  public 
provision,  financing,  and  management  of 
roadways  for  motor  vehicles.  This  has 
made  it  possible  for  many  thousands  of 
operators  to  enter  the  transportation  in- 
dustry. One  truck  or  bus  is  all  that  is  needed 
to  set  up  in  business.  The  result  has  been 
not  only  competition  between  rails  and  motor 
carriers,  but  also  intense  competition  among 
segments  of  the  motor-carrier  industry;  and 
hanging  over  the  entire  public-carrier  in- 
dustry is  the  constant  threat  of  private 
operation  of  motor  vehicles  by  industrial  and 
commercial  enterprises.  The  motor-carrier 
industry,  despite  the  development  of  a  few 
large  carriers,  is  still  characterized  by  thou- 
sands of  small  operations,  involving  relatively 
small  investments,  and  often  managed  on  a 
family  or  individual  proprietorship  basis. 
Progress  has  been  slow  in  adapting  public 
policies  to  the  realities  of  this  new  situation. 
The  regulatory  agencies  and  the  courts  are 
just  beginning  to  discard  the  monopoly 
concept  and  come  to  grips  with  the  problems 
of  "regulated  competition." 

HISTORICAL  ASPECTS  OF  THE 
HIGHWAY  FUNCTION 

The  rapid  development  and  wide-spread  use 
of  the  motor  vehicle,  which  has  so  enormously 
increased  the  capacity  and  efficiency  of  our 
transportation  facilities  and  changed  the  basic 
character  of  our  transportation  system,  has 
also  brought  with  it  a  whole  new  set  of  prob- 
lems, particularly  involving  questions  of  pub- 
lic policy. 

The  enormous  growth  of  motor-vehicle  use 
sometimes  tends  to  obscure  the  historical  sig- 
nificance of  roads.     But  in  any  fair  appraisal 
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of  highway  transportation  today,  it  is  essential 
to  bear  in  mind  that  highways  were  not  pro- 
vided publicly  in  direct  response  to  the  de- 
mands of  the  motor-carrier  industry.  Nor, 
for  that  matter,  is  the  motor  vehicle  respon- 
sible for  the  initial  development  of  the  road 
plant. 

An  interesting  story,  fraught  with  both 
economic  and  social  interest,  can  be  traced  in 
the  evolution  of  roads  from  the  footpaths  of 
primitive  societies,  which  followed  animal 
trails,  to  the  modern  high-speed,  controlled- 
access  expressways  of  today.  We  can  only 
mention  in  passing  the  network  of  roads 
developed  by  the  Roman  Empire  which  con- 
tributed much  to  its  military  and  other  suc- 
cesses; and,  on  this  continent,  the  roads  built 
by  the  Incas  of  Peru  which  not  only  surprised 
the  European  explorers  who  found  them,  but 
are  regarded  even  today  as  substantial  engi- 
neering feats  in  view  of  the  physical  and 
technological  handicaps  under  which  they 
were  constructed. 

Early  English  Roads 

Among  the  interesting  features  in  English 
road  history  is  the  extensive  network  con- 
structed by  the  Roman  conquerors  between 
A.  D.  43  and  407,  about  which  one  writer 
commented  that  no  engineering  work  compa- 
rable was  seen  until  the  railroad  era,  and 
another  said,  the  history  of  English  roads  is 
almost  the  history  of  how  and  why  the  Roman 
roads  became  the  modern  trunk  roads. 

Another  English  development,  perhaps  hav- 
ing current  significance,  was  the  spread  of  a 
system  of  private  toll  roads,  called  turnpikes, 
in  the  18th  and  early  19th  centuries.  These 
roads  were  privately  constructed  under  gov- 
ernmental authority  and  protection.  As  a 
result  of  more  than  4,000  legislative  acts,  all 
of  the  main  roads  of  the  country  became  toll 
roads  and  there  was  great  improvement  of  the 
general  highway  system.  Here  then,  is  per- 
haps the  first  example  of  commercial  operation 
of  the  road  plant,  based  upon  the  concept  that 
highways  are  not  merely  of  local  interest  but 
are  so  important  to  the  users  that  special 
charges  can  and  perhaps  should  be  imposed  for 
their  use.  Public  dissatisfaction  with  the  toll 
barriers  led  to  a  process  of  "disturnpiking" 
inaugurated  in  1837  but  not  finally  completed 
until  1895. 

Early  American  Roads 

As  might  be  expected,  road  history  in  early 
America  rather  closely  paralleled  the  English 
history  of  the  times.  The  first  half  of  the 
19th  century  was  mainly  a  turnpike  era.  In 
1792  Pennsylvania  chartered  the  Lancaster 
Turnpike  Company  which  constructed  the 
first  macadam  road  in  the  country  as  a  toll 
facility.  The  toll  movement  spread  rapidly. 
New  York  had  chartered  500  toll  bridge  and 
turnpike  companies  by  1836;  Pennsylvania 
had  220  companies;  New  England  was  covered 
by  a  network  of  toll  roads.  (And  some  people 
today  regard  the  toll  road  as  a  modern  inno- 
vation!) 

A  great  many  speculative  excesses  and 
abuses  as  well  as  mismanagement  of  the  toll 


roads  led  to  financial  failures,  resulting  in 
losses  both  to  individuals  and  to  States  that 
had  heavily  invested  in  them.  Toll  roads 
began  to  disappear  from  the  scene  about  the 
middle  of  the  19th  century,  not  only  because 
of  mismanagement  but  also  because  first  canal 
and  then  railroad  building  had  captured  the 
public  interest.  So  it  was  that  highway  im- 
provement and  maintenance  became  an  or- 
phan, to  be  sadly  neglected  during  the  latter 
part  of  the  19th  century.  What  little  was 
done,  was  done  by  local  government,  often 
under  a  procedure  by  which  the  citizens  were 
expected  to  work  out  their  local  taxes  by  work- 
ing on  the  roads,  a  practice  that  was  charac- 
terized by  inefficiency  but  seemed  to  be  rather 
enjoyed  as  a  social  event.  It  was  under  these 
circumstances  that  Arthur  Twining  Hadley 
(then  president  of  Yale  University)  could  say 
in  1900  that  roads  no  longer  had  national 
importance. 

As  a  matter  of  fact,  however,  a  good-roads 
movement  was  beginning  to  make  itself  felt 
in  the  late  1800's,  before  the  automobile 
assumed  any  real  importance.  Railroad  in- 
terests and  bicycle  manufacturers  as  well  as 
farmers  spearheaded  the  movement.  But  the 
real  impetus  was  to  come  after  the  motor 
vehicle  attained  a  significant  place  in  the 
transportation    scene. 

Competition,    Conflict,   and   Change 

Perhaps  one  of  the  lessons  to  be  learned 
from  the  history  of  transportation  is  found  in 
the  great  conflicts  of  interest  that  arose  when- 
ever new  methods  appeared  on  the  scene.  The 
turnpikes  gave  way  to  canal  and  railroad 
building.  The  significant  fact  is  that  efforts 
were  made  to  perpetuate  the  turnpikes; 
again  much  effort  was  devoted  to  the  pro- 
tection of  canals  when  railroads  promised  to 
become  a  threat.  Even  the  conflict  between 
"wheelmen"  and  "livery  men"  at  about  the 
turn  of  the  century  was  intense  enough  to 
evoke  comment  from  one  of  California's 
first  highway  commissioners  to  the  effect  that 
every  good  bicycle  town  was  also  a  good 
livery  town  so  the  livery  people  should  not 
stand  in  the  way  of  road  improvement. 

In  our  competitive  society  the  old  is  ex- 
pected to  give  way  or  to  be  modified  by  the 
new;  it  is  to  be  expected,  also,  that  vested 
interests  in  the  old  will  resist  change  and  bend 
every  effort  to  protect  themselves  from  new 
competition.  Yet  our  economy  is  founded 
on  change,  however  ruthless  it  may  seem, 
for  it  is  based  on  the  principle  that  the  exer- 
cise of  intelligent  self-interest  nearly  always 
advances  the  public  interest.  One  who  under- 
stands this  will  not  be  too  surprised  at  the 
current  campaigns  of  opposing  forces  in  the 
transportation  industry.  He  will  under- 
stand why  such  fights  often  generate  more 
heat  than  light  and  that  the  claims  and  coun- 
terclaims on  all  sides  are  frequently  excessive. 
But  even  a  dispassionate  appraisal  of  the 
current  situation  will  reveal  that  there  are 
significant  problems  in  transportation  which 
do  affect  the  public  interest,  even  if  they  do 
not  add  up  to  the  "crisis"  one  so  frequently 
hears  about. 
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The  carrier  groups  are  more  complementary  (Chicago  airport)    .    .    . 


than  they  are  competitive.      (W  ashington,  D.  C.) 


THE    HIGHWAY    FUNCTION    TODAY 

The  States  today  are  managing  what  in 
effect  amounts  to  one  part  of  a  full-scale  trans- 
portation service.  There  has  developed  a 
partnership  in  transportation,  not  often  fully 
appreciated,  between  government,  which  sup- 
plies the  roadways,  and  private  individuals 
and  business  firms,  which  supply  the  operat- 
ing equipment.  It  is  no  easy  task  to  coordi- 
nate these  elements  into  an  efficient  transpor- 
tation service.  One  of  the  great  difficulties 
arises  from  the  present-day  conflicts  of  inte 
among  various  groups  of  users  of  the  publicly 
provided  road  plant— for  example,  between 
truckers  and  automobi  rs   and  among 

competing  commercial  highway  users,  such  as 
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common,  contract,  and  private  carriers.  Ad- 
ditionally, there  is  the  bitter  controversy  be- 
tween motor  carriers  and  other  carriers,  such 
as  the  rails. 

In  analyzing  the  transportation  problem  of 
today,  one  fad  is  worth  remembering.  The 
basic  outlines  of  the  American  highway  system 
were  laid  out  long  before  any  competitive 
threat  of  commercial  motor-vehicle  transpor- 
tation to  rails  or  other  transportation  agencies 
was  realized.  And  the  highway  problem  of 
today  cannot  be  laid  on  the  doorstep  of  the 
half-million  heavy  trucks  that  offer  direct 
competition  to  other  transportation. 

The  accommodation  of  more  than  50  million 
other  vehicles — passenger  cars  and  comple- 
mentary commercial  vehicles — poses  the  basic 


highway  problem.  The  freedom  of  move- 
ment, convenience,  speed,  and  other  features 
of  private  passenger-car  transportation  which 
have  appealed  to  the  American  people  and 
have  led  to  the  expenditures  of  a  substantial 
portion  of  their  incomes  for  highway  trans- 
portation are  largely  responsible  for  modern 
highway  development.  One  evidence  is  that, 
of  the  400  billion  passenger-miles  traveled  in 
intercity  movement  in  1950  by  all  forms  of 
transportation,  almost  85  percent  took  place 
in  private  passenger  cars.  Recognition  of  this 
situation,  however,  should  not  obscure  the 
economically  important  fact  that  highways 
are  multiple-purpose  facilities  which  are  used 
by  many  kinds  of  vehicles. 

Economies  of  Joint  Highway  Use 

The  fact  that  highways  are  publicly  pro- 
vided and  jointly  used  is  perhaps  one  of  the 
greatest  economic  advantages  of  highway 
transportation.  The  road  plant  is  supplied  in 
response  to  numerous  and  varied  demands. 
We  have,  therefore,  an  outstanding  example 
of  the  economies  of  joint  use,  on  the  one  hand, 
and  the  problems  of  joint-cost  apportionment, 
on  the  other. 

To  illustrate:  A  basic  highway  plant  may  be 
provided  for  passenger  cars  under  any  circum- 
stances; if  trucks  are  permitted  to  operate  on 
the  same  highways  and  pay  all  special  costs 
for  which  their  operation  is  directly  responsi- 
ble, any  additional  payments  they  may  make 
go  toward  defraying  the  costs  of  the  basic 
highway,  and  hence  benefit  all  passenger-car 
operators  by  reducing  the  costs  of  the  basic 
highway  to  be  apportioned  among  them. 

Conversely,  the  truck  operator  who  pays  all 
of  the  direct  highway  costs  assignable  to  him 
is  benefited  by  the  tax  contributions  of  pas- 
senger-car  operators   that   go  to   defray   the  ] 
overhead  costs  of  the  basic  highway  plant. 

The  point  is  that  when  different  groups  of 
users  can  use  the  same  highway  plant  both 
the  total  costs  and  the  costs  for  each  group 
will  be  less  than  if  each  were  required  to  sup- 
ply its  own  facilities ;  provided,  of  course,  that 
each  group  meets  all  costs  for  which  it  is 
directly  responsible  and  contributes  something 
to  defray  the  joint  or  overhead  costs  of  the 
plant. 

Perhaps  a  purely  hypothetical  example 
will  help  at  this  point.  Suppose  that  a  given 
stretch  of  four-lane  highway  adequate  for 
passenger  cars  only  could  be  constructed  for 
$200,000.  Suppose  the  same  stretch  could 
be  built  to  accommodate  both  passenger  cars  I 
and  trucks  for  $240,000,  and  that  a  two-lane 
highway  costing  $140,000  would  suffice  for 
trucks  alone.  Now  if  two  highways  were 
built — one  for  passenger  cars  and  one  for 
trucks— the  total  outlay  would  be  $340,000 
as  compared  with  only  $240,000  for  the  single 
highway  that  would  carry  both  kinds  of  traffic. 
The  loss  to  the  users — and  to  the  economy — 
would  be  $100,000.  Now  if,  for  this  single 
highway,  passenger-car  operators  paid  any- 
thing less  than  $200,000,  they  would  save 
money.  By  the  same  token,  if  the  truck 
operators  paid  anything  less  than  $140,000 
they,  too,  would  save.  Thus,  if  passenger 
cars   were   taxed   $150,000   and   trucks   were 
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taxed  $90,000  each  group  of  users  would  save 
$50,000  over  what  it  would  cost  to  supply 
themselves  separate  facilities.  Here,  then, 
we  see  clearly  the  economies  of  joint  use. 

Problem  of  Cost  Assignment 

But,  at  the  same  time,  the  example  illus- 
trates the  problem  of  highway  cost  assignment. 
In  the  first  place,  it  might  be  difficult  to  prove 
that  it  would  cost  $40,000  more  to  provide  the 
highway  for  both  kinds  of  traffic  than  for  the  pas- 
senger-car highway  alone.  And,  if  that  hurdle 
is  passed,  the  problem  remains  of  apportioning 
the  joint  cost — that  cost  for  which  neither 
group  can  be  held  solely  responsible — between 
them.  Shall  passenger  cars  be  charged 
$200,000 — the  amount  required  for  a  basic 
highway?  If  so,  the  trucks  would  be  charged 
only  $40,000.  Or  should  truckers  be  charged 
$140,000 — the  amount  they  would  pay  for 
their  own  highway?  If  so,  passenger  cars 
would  be  charged  only  $100,000. 

The  point  is  that  anything  the  truckers  pay 
over  $40,000  helps  the  passenger-car  opera- 
tors, and  anything  the  passenger-car  operators 
pay  over  $100,000  helps  the  trucks.  The 
complexity  of  apportioning  joint  or  overhead 
highway  costs  among  users  becomes  obvious. 
Even  assuming  that  all  direct  costs  have  been 
ascertained  and  assigned  to  the  responsible 
groups,  all  that  can  be  said  for  sure  is  that 
truckers  should  pay  at  least  $40,000  and  not 
more  than  $140,000,  while  passenger-ear 
operators  should  pay  at  least  $100,000  and 
not  more  than  $200,000. 

Thus,  to  apportion  the  truly  joint  costs  of 
the  highway  plant  in  order  to  fix  reasonable 
user  charges,  we  must  turn  to  some  theoret- 
ical basis  such  as  relative  use,  differential 
benefit,  or  value-of-service.  Naturally,  there 
is  much  room  for  disagreement.  The  situa- 
tion is  tremendously  more  complicated  in 
actual  practice  than  in  our  example.  First, 
we  lack  the  detailed  information  necessary  to 
ascertain  to  anyone's  satisfaction  the  direct 
costs  of  the  entire  plant  for  which  any  par- 
ticular group  of  users  should  be  held  respon- 
sible. Second,  we  are  dealing  with  many 
kinds  and  sizes  of  vehicles,  carrying  all  types 
of  passengers  and  commodities,  using  different 
segments  of  the  highway  plant  in  varying 
degrees,  operating  different  mileages  during 
the  year,  and,  by  administrative  necessity, 
subject  to  different  kinds  of  imperfect  user-tax 
bases. 

1  arious  Concepts  of  the  Problem 

The  manifold  problems  involved  in  ration- 
alizing and  coordinating  transportation  serv- 
ice today  are  overwhelming.  Anyone  familiar 
with  the  subject  would  readily  subscribe  to 
the  words  of  the  late  Director  of  the  Highway 
Research  Board,  Roy  Crum,  when  he  said: 
"To  visualize  the  whole  picture  at  once  has 
ahead}-  given  me  mental  indigestion." 

One  of  the  basic  difficulties  is  to  get  and 
retain  perspective.  Not  only  among  the 
directly  conflicting  forces  are  differences  of 
opinion  found.  Many  significant  differences 
in  approach  to  highway  and  other  transporta- 
tion problems  are  found  among  observers  who 
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presumably  are  impartial  or  at  the  least  should 
not  be  passionately  interested  in  the  outcome. 

For  example,  the  highway  engineer  may  be 
primarily  interested  in  getting  roads  built  to 
accommodate  traffic;  the  competitive  aspects 
of  highway  transportation  do  not  trouble  him; 
even  the  questions  of  wise  allocation  of 
limited  economic  resources  or  equitable 
taxation  for  highways  are  likely  to  be  given 
short  shrift. 

The  transportation  economist,  on  the  other 
hand,  is  likely  to  emphasize  to  the  exclusion 
of  all  other  considerations  the  competitive 
aspects  of  highway  transportation  and  the 
effects  on  other  carriers;  private  transporta- 
tion, the  prime  generator  of  highway  demand, 
may  be  virtually  ignored. 

The  public-finance  expert  may  fail  to  rec- 
ognize the  competitive  aspects  of  highway 
provision  and  treat  it  as  any  other  function 
of  government,  to  be  financed  under  the 
general  tax  system;  he  may  see  no  merit  in 
legal  provisions  against  diversion  to  non- 
bighway  purposes  of  taxes  collected  on  a 
user  basis;  he  is  likely  to  advocate  annual 
budgeting  of  highway  funds  in  the  same 
manner  that  all  other  funds  are  budgeted. 
He  fails  to  appreciate  what  the  transportation 
man  sees  or  to  recognize  the  engineer's  demand 
for  a  reasonably  steady  and  assured  flow  of 
income  in  order  to  permit  long-range  planning 
and  orderly  development  of  the  highway 
system. 

Such  circumstances  remind  one  of  the 
parable  of  the  blind  men  whose  descriptions 
of  the  elephant  differed  so  much  because 
each  had  come  into  .contact  with  different 
parts  of  its  anatomy.  If  the  experts  do  not 
see  eye  to  eye,  but  get  "mental  indigestion" 
when  viewing  the  whole  transportation  prob- 
lem, is  it  any  wonder  that  laymen  have 
difficulty?  Is  it  any  wonder  that  our  policy 
makers  find  little  positive  guidance  in  reaching 
the  practical  decisions  they  are  inexorably 
forced  to  make? 

Divergent  Principles 

Perhaps  one  source  of  difficulty  in  the 
management   of   our    highway   affairs   lies   in 


what  Professor  Shore  y  Peterson  of  the 
University  of  Michigan  has  called  our  "vacil- 
lating allegiance"  to  the  divergent  principles 
of  the  public  economy  and  the  private 
economy  when  confronted  with  various 
issues. 

On  the  one  hand,  we  are  prone  to  treat 
highways  like  any  other  function  of  govern- 
ment. We  do  not  distinguish  taxes  for 
highways  from  other  taxes.  We  rely  upon 
political  judgment  as  to  how  much  to  spend 
for  highways  just  as  we  do  in  determining 
how  much  to  spend  for  schools  or  welfare. 
We  also  rely  upon  judgment  as  to  how  to 
distribute  the  cost,  with  little  regard  to  the 
possibility  of  differential  benefits  to  different 
groups  or  individuals.  We  justify  expendi- 
tures in  broad  generalities,  stressing  the 
general  welfare. 

One  unfortunate  aspect  of  this  approach 
to  the  highway  problem  is  that  we  are  left 
without  any  effective  guides  either  as  to  the 
proper  amounts  and  rates  of  investment  in 
highways  or  as  to  appropriate  methods  and 
levels  of  taxation.  Our  sole  criterion  is  how 
much  we  can  collect  from  the  taxpayers. 
When  that  has  been  determined,  we  must 
decide  between  many  worthy  but  conflicting 
claims  to  the  tax  dollars  on  the  basis  of  some 
vague,  almost  intuitive  feeling  of  the  effect 
upon  the  general  welfare  of  alternative  courses 
of  action. 

Operations  in  the  private  economy  are,  of 
course,  governed  by  quite  different  considera- 
tions. Basically,  the  laws  of  supply  and  de- 
mand prevail.  Goods  are  supplied  in  response 
to  demand;  the  individual  indicates  the  benefit 
he  expects  to  derive  from  the  various  goods  and 
services  by  the  prices  he  is  willing  to  pay. 
On  the  other  side  of  the  equation,  goods  and 
services  are  supplied  if  the  prices  offered  will 
meet  the  costs  of  production — the  costs  of  the 
factors,  labor,  capital,  and  enterprise,  that  go 
into  them.  Thus,  in  effect,  the  demand- 
supply  equation  becomes  a  benefit-cost  equa- 
tion. It  has  been  suggested  that  principles 
applicable  in  the  private  economy  can  be 
adapted  with  appropriate  modifications  to 
serve  as  a  guide  in  dealing  with  basic  highway 
issues. 


The    motor    carrier    is    adaptable    to    the   commodity    in    shipment. 

Washington,  D.  C.) 
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</(.  ial  Concept 

he  exception  of  the 
parativel  oil  roads, 

the  provision  of  high?  as  a 

general  function  of  government  before  the 
advent  of  the  automobile.  The  develop) 
of  the  motor  vehicle  has  modified  oui 
The  extended  radius  of  travel,  the  types  of 
roads  required,  the  magnitude  of  finances 
involved,  the  competitive  aspects  of  highway 
provision  in  a  private-enterprise  economy,  the 
need  for  standards  governing  the  rate  of  high- 
way investment,  all  conspire  to  give  the  high- 
way function  a  much  deeper  economic  signifi- 
cance than  it  formerly  had.  That  the  ap- 
proach to  highway  problems  in  terms  of  the 
private  economy  has  made  headway  is 
evidenced  by  the  elaborate  user  tax  systems 
founded  on  a  benefit  concept  that  have  been 
developed  and  revised  from  time  to  time  in  all 
States.  Further  refinement  and  application 
of  this  commercial  concept  to  highways  may 
aid  in  solution  of  the  perplexing  problems  of 
cost  allocation  and  investment. 

ALLOCATION  OF  HIGHWAY  COSTS 

It  has  already  been  suggested  that  the 
allocation  of  highway  costs  among  the  various 
beneficiaries  is  one  of  the  basic  issues  in 
highway  finance.  One  could  engage  in  an 
involved  and  extended  discussion  here,  which 
would  lead  deeply  into  the  complicated  and 
controversial  subsidy  issue.  What  needs  to 
be  emphasized  is  principle.  There  are  good 
reasons  why  users  should  not  be  held  respon- 
sible for  all  costs  of  all  segments  of  the  high- 
way plant — a  certain  share  should  be  assigned 
to  property  owners  and  general  taxpayers. 
Once  an  assignment  of  responsibility  to  the 
highway  users  has  been  made,  however,  they 
should  be  expected  to  defray  through  user 
taxes  all  of  the  economic  costs  associated  with 
highway  provision. 

The  second  difficult  cost  assignment  problem 
is  the  determination  of  shares  of  responsibility 
to  be  borne  by  vehicles  of  different  sizes  and 
operating  different  mileages  on  the  highway. 
Perhaps  no  other  issue  is  so  bitterly  debated. 
On  the  one  hand,  one  finds  the  claim  that 
heavy  vehicles  are  pounding  the  pavements  to 
pieces;  on  the  other,  that  properly  built 
highways  are  unaffected  by  heavy  vehicle  use. 
At  one  extreme,  it  is  contended  that  fuel 
consumption  is  a  suitable  measure  of  highway 
use;  at  the  other,  that  weight  and  distance  as 
reflected  in  the  ton-mile  is  the  best  measure  of 
relative  highway  use  and,  hence,  of  highway 
benefit. 

Conclusive  Answers  Lacking 

The  very  fact  that  there  is  so  much  dispute 
suggests  that  conclusive  answers  have  not  yet 
been  found.  This  is  the  case.  Various 
theories  have  been  proposed  for  spreading 
highway  costs.  Just  to  name  them — differ- 
ential or  incremental  costs,  relative  use,  value 
of  service,  differential  benefits,  differential 
space  occupancy— is  enough  to  suggest  their 
complexity  and  diversity.  It  is  perfectly  clear 
that  one  cannot  hope  to  find  a  formula  upon 
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which  everyone  can  agree.  For  one  thing,  too 
little  is  known  about  highway  costs.  This 
may  seem  disconcerting  in  view  of  the  fact  that 
3  billions  have  been  invested  in  highways, 
but  actually  the  problem  is  as  much  economic 
is  it  is  engineering  in  nature. 

Before  we  are  too  critical  of  this  situation, 
we  should  recall  that  in  many  other  fields 
where  difficult  overhead  cost  problems  are  met 
no  precise  solutions  have  been  found.  As  one 
example,  transportation  rates  for  different 
commodities  and  distances  are  based  largely 
on  value  of  service — that  is,  what  the  traffic 
will  bear — rather  than  on  cost.  All  direct 
costs  of  providing  transportation  service  have 
not  been  isolated  and  measured;  even  if  they 
were,  the  large  remaining  portion  would  be 
truly  joint  or  overhead  costs  that  would  have 
to  be  distributed  upon  some  theoretical  basis. 
Price  fixing  for  highways  is  analogous  to,  and 
subject  to  the  vagaries  of,  rate  making  for 
utilities. 

There  is,  of  course,  a  basic  difference 
between  private  investment  for  profit  and 
public  investment,  even  when  an  attempt  is 
made  in  the  latter  case  to  adopt  certain  prin- 
ciples applicable  in  the  private  economy.  It 
is  not  to  be  inferred  that  the  highway  plant 
ought  to  be  operated  for  profit.  As  in  other 
monopoly  situations,  prices  for  highways 
might  be  fixed  to  maximize  profits.  However, 
it  is  well  accepted  that  unregulated  monopoly 
profits  ought  not  be  tolerated  even  in  a  private 
enterprise  economy.  Fixing  charges  for  high- 
way use  is  somewhat  analogous  to  fixing  rates 
for  utilities  where  the  purpose  is  not  to  maxi- 
mize profits  but  to  cover  all  costs  plus  a  fair 
return  on  the  investment.  In  various  high- 
way situations,  of  course,  there  may  be  a 
consumers'  surplus  in  the  sense  that  users 
would  be  willing  to  pay  more  than  would  be 
required  to  meet  costs. 

It  seems  clear  that  long-term  research  and 
more  concentration  of  attention  on  the  high- 
way problem  by  people  of  diverse  but  relevant 
competences  will  lead  to  better  solutions  of 
the  cost  assignment  problem  than  we  now 
have.  That  the  problem  is  receiving  the 
interest  it  warrants  is  indicated  by  certain 
recent  developments,  among  them  being  the 
creation  by  the  Highway  Research  Board  of  a 
number  of  subcommittees  "to  bring  about  a 
frontal  attack  on  this  problem,"  each  of  which 
will  deal  with  different  phases  of  the  question 
of  equitable  allocation  of  highway-tax  respon- 
sibility. The  Maryland  test  road  and  other 
studies  to  be  operated  are  expected  to  provide 
useful  data  in  this  connection. 

The  essential  requirement  is  that  we  focus 
attention  on  the  costs  of  providing  highways 
and  strive  toward  the  assignment  of  costs 
among  beneficiaries  on  a  rational  basis.  The 
goal  toward  which  we  press  is  to  set  the  supply 
prices  of  highway  service  as  they  might  be  set 
in  the  private  economy.  When  this  is  done  in 
highway  management  and  other  fields  where 
public  aid  is  a  factor,  a  realistic  and  economical 
basis  for  competition  among  the  various  trans- 
portation agencies  will  be  established;  and  the 
rates  of  investment  and  distribution  of  traffic 
among  the  carriers  will  be  determined  by  their 
relative  economy  and  fitness. 


THE  MODERNIZATION  PROBLEM 

Perhaps  one  of  the  toughest  public  issues 
of  the  day  concerns  the  appropriate  rate  of 
investment  in  the  highway  plant.  We  are  in- 
formed by  highway  engineers,  and  indeed 
everyday  experience  tells  us,  that  our  highway 
systems  are  critically  deficient  in  important 
respects.  A  Nation-wide  campaign  for  better 
roads  is  under  way,  sponsored  by  important 
segments  of  the  highway  transportation  in- 
dustry. All  evidence  points  to  the  fact  that  a 
considerably  faster  rate  of  highway  expendi- 
ture will  be  required  to  bring  the  highway 
plant  up  to  standards  that  will  be  regarded  as 
satisfactory  by  the  great  majority  of  private 
and  commercial  users. 

Highway  Needs 

It  was  estimated  by  the  California  Division 
of  Highways  last  year  that  more  than  $3  billion 
would  be  needed  to  eliminate  the  State  high- 
way deficiencies  that  existed  under  1950  traffic 
and  cost  conditions.  Revenue  estimates  indi- 
cate that  to  do  this  job  about  $1.5  billion — 
only  half  enough — will  be  available  by  1962, 
10  years  hence.  And  during  this  period  traffic 
will  continue  to  grow  and  probably  will  not 
generate  enough  revenue  to  meet  the  addition- 
al needs  as  they  arise. 

Owen  and  Dearing  '  have  summarized  the 
Nation-wide  highway  situation  in  these  words: 

We  have  now  entered  a  new  era  of 
highway  development.  This  stage 
in  the  physical  development  of  the 
highway  system  is  characterized  by 
technical  standards  and  capital  re- 
quirements that  make  previous  con- 
cepts totally  inadequate.  Highway 
administrators  are  confronted  with  a  sit- 
uation analogous  to  that  of  an  entire 
industry  being  overtaken  by  func- 
tional obsolescence.  Survival  de- 
pends on  modernization;  but  in  order 
to  modernize,  the  old  tools  must  be 
replaced  and  the  entire  plant  rede- 
signed. 

In  some  quarters  fear  is  now  developing  that 
a  continuation  of  present  highway  inade- 
quacies and  the  prospect  of  even  worse  condi- 
tions will  have  a  serious  impact  upon  motor- 
vehicle  usage.  The  consequences  would  ad- 
versely affect  the  general  welfare,  not  only 
because  of  the  deleterious  effect  upon  trans- 
portation efficiency,  but  also  because  of  the 
effect  upon  manufacturers  and  purveyors  of 
automotive  products.  As  we  have  seen,  an 
appreciable  part  of  our  economic  prosperity 
in  reasonably  normal  times  is  dependent  upon 
highway  transportation  of  all  kinds.  It  might 
be  observed  at  this  point  that  the  rails  and 
waterways  carry  an  appreciable  amount  of 
freight  that  is  dependent  upon  a  thriving  high- 
way transportation  industry — not  only  finish- 
ed products  but  also  the  materials  that  go  into 
motor-vehicle  production  and  highway  build- 
ing and  use. 


1  Toll  Boads  and  the  Problem  of  Highway  Modernization, 
by  Wilfred  Owen  and  Charles  L.  Dearing.  The  Brookings 
Institution,  1951,  p.  23. 
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There  is  conflict  of  interest  among  various  road-user  groups,  but  joint  use  is  one  of  the 
advantages  of  highway  transportation.     (JU  S  1  at  Cottage  City,  Md.) 


Public  Apathy 

In  spite  of  the  evidence  pointing  to  great 
highway  inadequacy  and  a  vague  general  reali- 
zation of  the  fundamental  importance  of  high- 
.  way  transportation  to  the  national  economy, 
there  is  considerable  reluctance  among  the 
public  to  meet  the  issues  squarely  in  the  one 
way  that  really  counts — -additional  financing. 
Perhaps  an  educational  campaign  with  dra- 
matic appeal  and  readily  understandable  argu- 
ments might  dispel  this  public  apathy.  The 
fact  is  that  a  bare  inventory  of  highway  defi- 
ciencies, regardless  of  its  size,  does  not  in  itself 
make  a  compelling  case  for  additional  financing 
or  furnish  a  satisfactory  guide  either  as  to  the 
aggregate  amount  that  should  be  expended  or 
as  to  the  rate  of  annual  expenditure  that  might 
be  tolerable. 

Time  and  again  I  have  heard  the  heads  of 
business  state  that  their  department  heads  or 
engineers  can  supply  them  with  statements  of 
needs  and  worth-while  expenditures  so  large 
in  the  aggregate  that  they  all  cannot  be 
financed,  however  much  they  might  improve 
the  operations.  Almost  every  family  can  make 
up  inventories  of  justifiable  needs  that  add  up 
to  expenditures  far  in  excess  of  their  incomes. 

The  stark  reality  is  that  both  the  business- 
man and  the  family  must  adjust  their  expendi- 
ture programs  to  what  they  can  afford  out  of 
current  income  or  what  they  decide  may  be  so 
essential  as  to  justify  pledging  future  income 
by  borrowing.  The  businessman's  decision  is 
influenced  not  only  by  the  demand  situation 
as  he  estimates  it,  but  also  by  the  alternative 
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uses  to  which  he  might  put  the  limited  capital 
available  to  him.  The  family  must  inevitably 
balance  benefits  from  one  possible  outlay 
against  benefits  that  would  be  derived  from 
alternative  expenditures. 

It  is  not  so  with  government  in  its  usual 
operations.  The  government's  power  to  tax 
gives  it  the  power  to  adjust  income  to  the 
expenditure  program  that  is  regarded  as  neces- 
sary or  desirable.  The  crux  of  the  problem  is 
to  determine  what  is  necessary  or  desirable. 
Ordinarily  there  are  no  positive  guides  and  so 
we  rely  on  the  collective  judgment  of  the  people 
as  expressed  through  their  legislators.  But  in 
the  case  of  highways,  that  collective  judgment 
may  be  influenced  and  perhaps  improved  if  we 
can  apply  at  least  some  of  the  standards  and 
principles  that  would  apply  in  the  private 
economy.  What  is  needed  is  an  accurate  eval- 
uation of  the  benefits  of  improved  highway 
service,  and  a  realistic  comparison  of  those 
values  with  the  full  economic  costs  of  providing 
the  service.  This  guiding  principle  is  much 
easier  to  state  than  to  apply,  however. 

Popular  Appeal  of  Toll  Roads 

Perhaps  one  of  the  reasons  that  toll  roads 
are  attracting  interest  and  active  support  in 
many  circles  is  that  a  value-cost  comparison 
is  applied  in  a  way  that  can  be  generally  under- 
stood. The  individual  user  can  establish  for 
himself  a  value-cost  relation ;  before  every  trip 
he  can  weigh  the  benefits  of  using  the  facility 
against  the  toll  charges.  Ordinarily,  the  finan- 
cial solvency  of  a  toll  facility  is  subjected  to 


rigorous  engineering  and  economic  analyses 
before  it  is  undertaken.  In  effect,  the  poten- 
tial income  depends  upon  the  estimated  de- 
mand for  the  service  which,  in  turn,  reflects 
the  users'  estimates  of  the  benefits  they  expect 
to  receive.  This  potential  income  must  be 
sufficient  to  meet  the  costs  of  the  project, 
including  interest  and  an  extra  margin  for  the 
risk  involved,  before  the  project  will  be 
approved. 

Unfortunately,  no  effectual  way  to  apply 
this  sort  of  value-cost  analysis  to  the  entire 
highway  plant  has  been  developed.  Impor- 
tant applications  of  the  value-cost  ratios  are 
made  in  determining  relative  merits  of  alter- 
native highway  investments  in  the  effort  to 
maximize  benefits  to  the  highway  users.  How- 
ever, the  problem  is  conceptually  different 
from  that  under  discussion  here,  for  the  money 
is  already  available  for  one  highway  improve- 
ment or  another;  the  die  is  cast,  the  issue  is 
not  between  highway  expenditures  and  alter- 
native unrelated  public  or  private  uses  of  the 
funds. 

Without,  at  this  time,  judging  the  merits  of 
toll  financing  under  certain  conditions,  we 
may  say  that  the  basic  highway  problem  does 
not  permit  solution  by  the  erection  of  toll 
gates  everywhere.  This  means  that  taxation 
must  be  used.  As  a  general  rule,  however, 
highway  taxes  must  be  uniform  throughout 
a  political  jurisdiction  and  must  apply  to 
everyone  using  any  segment  of  the  highway 
plant.  What  the  people  would  pay  based 
upon  individual  evaluations  of  the  benefits  if 
they  had  the  choice  of  using  or  not  using 
particular  highway  facilities  will  not  be  known 
as  it  is  in  the  case  of  toll  financing.  But  as  a 
guide  to  policy  it  might  be  possible  to  approxi- 
mate a  hypothetical  demand  curve  based  upon 
an  estimate  of  benefits  that  highway  users 
might  expect  to  derive  from  a  particular  level 
of  highway  improvement. 

Measurement  of  Highway  Benefits 

One  obvious  clue  to  the  measurement  of 
benefits  to  users  is  the  effect  of  highway 
improvements  on  the  total  costs  of  highway 
transportation.  As  a  matter  of  fact,  we  are 
spending  considerably  less  than  10  cents  of  our 
highway  transportation  dollar  for  the  road 
plant.  A  larger  percentage  spent  on  highways 
may  mean  a  lesser  total  cost.  This  is  the  real 
import  of  the  thought  that  we  pay  more  for 
poor  highways  than  for  good  ones. 

For  example,  savings  in  distance  resulting 
from  a  highway  improvement  may  result  in 
savings  in  fuel  and  tire  costs  alone  that  will  be 
more  than  sufficient  to  pay  for  the  improve- 
ment. Less  congestion,  better  road  surfaces, 
reductions  in  grades  all  tend  to  reduce  vehicle 
operating  costs.  In  each  case  the  benefits  to 
the  users  can  be  reduced  to  monetary  terms 
and  offset  against  the  highway  cost. 

Moreover,  savings  in  time  that  may  result 
from  any  one  of  a  variety  of  highway  improve- 
ments may  have  tremendous  economic  value 
even  if  we  conservatively  consider  only  the 
time  of  commercial  and  business  highway 
users.  The  saving  of  5  minutes  may  seem  a 
small  matter  for  one  operator,  but  over  the 
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course  of  the  year,  during  which  thousands  of 
vehicles  are  involved,  the  savings  add  up  to 
enormous  sums  which,  when  compared  with 
the  highway  costs,  may  justify  very  sub- 
stantial investments  in  highway  improvement. 

The  reduction  in  accidents  that  results  from 
highway  modernization  also  means  lower  costs 
for  both  commercial  and  private  users,  not 
only  in  the  savings  through  elimination  of 
accidents  but  also  possibly  through  reduction 
of  insurance  rates. 

In  addition  to  tangible  savings  in  operating, 
time,  and  accident  costs  there  are  intangibles 
to  which,  unfortunately,  money  costs  cannot 
be  attached — as,  for  example,  the  increased 
pleasure  and  comfort  of  the  motorists  on 
better  highways.  Undoubtedly  these  are 
benefits  for  which  a  great  many  motorists 
would  also  be  willing  to  pay.  It  would  seem 
proper,  therefore,  to  reduce  benefits  to  money 
equivalents  wherever  possible.  But  when  the 
final  decision  is  to  be  made,  the  intangibles 
must  be  evaluated  by  subjective  judgment 
and  may  tip  the  scales  in  favor  of  higher  level 
of  improvement  than  might  be  indicated  by 
monetary  values  alone.  Here,  then,  after  the 
technicians  have  completed  their  analyses,  the 
collective  judgment  must  come  into  play  in 
reaching  the  final  decision. 

The  Users'  Willingness  To  Pay 

Concrete  evidence  of  the  highway  users' 
willingness  to  pay  for  improved  highway 
service  is  found  in  the  cases  of  certain  toll 
roads  in  the  East,  where  existing  parallel  non- 
toll  roads  are  worn  out,  obsolete,  or  inade- 
quate. Motorists  usually  pay  about  1  cent 
per  vehicle-mile  for  operation  on  these  toll 
facilities — the  equivalent  of  a  gas  tax  of  15  or 
20  cents  a  gallon  in  addition  to  their  ordinary 
user  taxes.  Obviously  the  benefits  of  the 
higher  type  facilities,  both  tangible  and  intan- 
gible, as  evaluated  by  the  users  themselves  are 
substantial. 

The  case  is  even  more  striking  when  com- 
mercial and  business  uses  alone  are  considered, 
for  lure  the  intangibles  play  a  lesser  role  and 
the  cold  calculations  of  cost  against  value-of- 
service  are  dominant.     Yet  it  appears  to  be 
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to  the  advantage  of  the  trucking  industry  to 
pay  substantial  tolls.  For  example,  trucks 
are  charged  from  2  to  6  cents  per  mile,  depend- 
ing on  size,  for  operation  on  the  Pennsylvania 
Turnpike,  yet  about  two-thirds  of  the  revenue 
is  derived  from  tfuck  traffic.  The  reasons  are 
apparent.  Studies  indicate,  for  example,  that 
fuel  consumption  of  a  50,000-pound  gross- 
weight  combination  is  50  percent  higher  on  an 
alternate  route  than  on  the  Turnpike,  and 
more  than  twice  the  time  is  required  to  travel 
the  same  distance  on  the  alternative  highway. 

Problems    of  Estimating    Costs   and 
Benefits 

We  have  alluded  from  time  to  time  in  this 
discussion  to  the  need  for  including  full  costs 
in  appraising  the  relative  economy  of  highway 
transportation.  Without  further  elaboration, 
it  seems  self-evident  that  all  costs  must  be 
included  in  any  value-cost  comparison  that  is 
to  be  useful  in  solution  of  the  highway  invest- 
ment problem. 

It  should  be  mentioned  that  this  considera- 
tion is  generally  based  upon  the  assumption 
of  an  economy  of  full  employment.  A  depar- 
ture from  value-cost  calculations,  in  the  rigid 
sense,  may  be  justified  in  a  situation  of  under- 
employment. At  such  a  time  accelerated 
highway  improvement  may  be  considered  an 
appropriate  device  to  relieve  unemployment 
and  stimulate  the  economy.  Even  under  such 
conditions,  however,  it  is  appropriate  to  maxi- 
mize the  benefits  of  highway  improvement;  on 
the  cost  side  of  the  equation  it  will  be  appro- 
priate to  include  less  than  the  full  monetary 
outlays  (or  perhaps  calculate  costs  at  zero)  if, 
in  fact,  inflationary  methods  of  financing  are 
used  which  result  in  the  employment  of  labor 
and  other  economic  resources  that  would 
otherwise  be  idle.  However,  for  purposes  of 
comparing  alternative  public  expenditures 
under  such  conditions  it  may  be  useful  to 
develop  benefit-cost  ratios  in  which  full  mone- 
tary costs  are  included. 

It  should  be  emphasized  that  there  are 
tremendous  difficulties  in  the  way  of  making 
a  precise  value-cost  appraisal  for  the  entire 
highway  plant.     Not  enough  is  known  about 


vehicle  operating  costs  for  different  vehicles 
under  different  highway  conditions.  It  is 
difficult  to  estimate  the  value  of  time  savings 
for  business  and  commercial  users  and  de- 
batable whether  time  savings  for  private  users 
should  be  evaluated  in  money  terms  or 
regarded  as  an  intangible.  Placing  an  accept- 
able money  value  on  highway  accidents  is 
no  easy  task,  even  if  a  satisfactory  method 
of  estimating  potential  reductions  is  agreed 
upon.  Nevertheless,  it  seems  clear  that 
efforts  should  continue  in  this  direction.  It 
is  to  be  hoped  that  continuing  research  will 
reduce  the  areas  in  which  disputable  assump- 
tions or  purely  subjective  evaluations  are 
required. 

Highways  and  the  General  Welfare 

It  may  have  been  observed  that  these 
remarks  have  been  confined  to  the  benefits 
that  accrue  to  the  highway  user.  No  mention 
has  been  made  of  the  social  and  political 
values  which  are  frequently  ascribed  to  high- 
ways and  emphasized  in  justifying  an  improve- 
ment program.  The  existence  and  impor- 
tance of  general  benefits  cannot  be  denied. 
But  they  do  not  lend  themselves  readily  to 
specific  economic  evaluation.  On  the  con- 
trary, too  much  emphasis  on  general  benefits 
may  prove  misleading.  The  basic  problem 
under  consideration  is  the  diversion  of  limited 
economic  resources  from  other  possible  uses 
to  highways. 

In  many  discussions  of  general  benefits 
the  fact  is  overlooked  that  the  use  of  these 
resources  for  other  purposes,  whether  private 
or  public,  may  also  render  great  general 
benefit  to  society.  Almost  every  investment 
results  in  a  general  benefit.  If  it  is  said  that 
highways  aid  the  national  defense,  can  it  not 
be  shown  that  a  steel  plant  is  also  essential 
to  the  national  defense?  If  it  be  said  that 
highways  weave  together  the  social  fabric, 
or  promote  political  cohesion,  or  bring  new 
lands  under  beneficial  use,  can  it  not  also 
be  shown  that  railroads  or  canals  will  render 
similar  benefits?  If  general  benefit  were  the 
basic  criterion  of  Government  expenditure, 
nearly  all  economic  activity  should  be  sub- 
sidized. To  attempt  to  weigh  the  general 
benefits  of  highway  provision  against  the 
general  benefits  that  would  be  gained  from 
any  one  of  all  the  possible  alternative  uses 
to  which  the  resources  might  be  applied  is 
a  task  almost  incomprehensible  in  its  sheer 
magnitude. 

Yet  it  must  be  admitted  that  there  are  sit- 
uations in  which  highway  or  other  public  ex- 
penditures may  properly  be  found  by  collec- 
tive judgment  to  be  justifiable,  even  though 
they  do  not  measure  up  under  rigorous  benefit- 
cost  analysis.  The  benefit-cost  approach  is  no 
panacea.  To  illustrate:  The  public  purse  has 
often  been  opened  for  the  promotion  and  de- 
velopment of  industry;  perhaps  in  no  field  has 
its  use  been  more  generous  than  in  transporta- 
tion, starting  with  early  road  development  and 
extending  to  canal  building,  land  grants  to 
railroads,  development  of  inland  waterways, 
and,  continuing  to  the  present,  airmail  subsi- 
dies and  airport  and  airway  development. 
Many  roads  are  developed  (and  more  are  re- 
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•quested)  which  cannot  be  justified  on  a  current 
traffic  basis  but  which,  it  is  hoped,  will  open 
new  areas  for  profitable  agricultural,  mining, 
lumbering,  or  other  development. 

Quite  obviously,  the  use  of  tax  money  for 
promotions  of  this  sort  must  rest  largely  on 
collective  judgment  based  upon  such  facts  as 
■can  be  marshalled  regarding  the  future  useful- 
n<"  df  an  industry  or  a  transportation  agency 
or  a  newly  developed  area  to  the  general  wel- 
fare. Under  such  circumstances,  it  is  obvious 
that  any  attempt  to  adopt  standards  appli- 
cable in  the  private  economy  must  be  aban- 
doned. The  problem  is  purely  governmental 
in  character;  general  benefit  rather  than  bene- 
fit to  individuals  or  identifiable  groups  of 
individuals  furnishes  the  standard.  Ii  is  in- 
appropriate to  raise  revenue  for  such  ventures 
through  user  charges;  instead,  general  tax 
funds  should  be  drawn  upon. 

Frequently  it  will  be  appropriate  to  use 
special  assessments  or  property  taxes  to  defray 
the  costs  of  such  highways,  as  in  the  case  of 
streets  in  new  subdivisions  or  roads  in  areas 
opened  by  reclamation  projects.  In  other 
cases  as,  for  example,  access  roads  to  military 
reservations,  appropriations  of  general  funds 
raised  under  prevailing  tax  institutions  would 
seem  appropriate. 

Practical   Expenditure    Problems    vs. 
Theoretical  Cost  Analyses 

It  would  be  nice  if  the  value-cost  approach 
provided  a  simple  answer  to  the  highway  in- 
vestment problems,  but  it  does  not.  Not  only 
must  the  question  of  highway  justification  on 
the  basis  of  general  benefits  be  dealt  with  un- 
der certain  circumstances,  as  pointed  out 
above,  but  other  practical  problems  are  en- 
countered in  the  attempt  to  fix  aggregate 
highway  expenditures  for  the  benefit  of  users 
on  the  basis  of  value-cost  calculations.  For 
example,  it  is  quite  proper  to  use  true  annual 
costs  which  include  maintenance,  depreciation, 
interest,  and  possibly  taxes  rather  than  ex- 
penditures in  the  comparison  of  value  and 
costs.  If  highway  improvements  are  financed 
through  borrowing,  or  if,  by  sheer  coincidence, 
annual  depreciation  on  the  highway  plant  pro- 
vides adequately  for  new  investment,  a  show- 
ing that  benefits  are  greater  than  costs  is  useful. 

But  a  pay-as-you-go  system  of  highway 
finance,  however  desirable  it  may  be  on  the 
basis  of  other  considerations,  may  make  bene- 
fit-cost comparisons  virtually  meaningless  as  a 
practical  matter,  particularly  if  the  entire 
highway  plant  is  in  need  of  rehabilitation  as 
seems  to  be  the  case  today.  The  highway 
users  are  called  upon  to  advance  money  to 
meet  expenditures  for  improvements  long  be- 
fore the  expected  benefits  accrue.  It  is  true 
that  the  inclusion  of  interest  in  the  cost  calcu- 
lation theoretically  solves  the  difficulty.  But 
as  a  practical  matter,  the  taxpayers  are  im- 
mediately burdened  while  the  compensating 
benefits  they  will  eventually  enjoy  are  spread 
out  over  a  considerable  time  in  the  future. 
Under  such  circumstances,  a  strong  case  for 
credit  financing  to  spread  the  highway  costs 
over  time  can  be  made. 

More  elusive  is  the  fact  that  although  inter- 
est clearly  should  be  included  in  cost  calcula- 
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tions  for  certain  purposes,  it  is  by  no  means 
certain  that  it  should  be  included  in  tax 
charges  levied  for  the  use  of  highways  that 
have  been  financed  on  a  pay-as-you-go  basis. 
This  observation  warrants  much  theoretical 
is  that  cannot  be  included  here. 

Previously  mentioned  was  the  fact  that 
economists  and  engineers  view  the  problems 
of  highway  finance  from  different  perspectives. 
Kconomists  would  relate  user  charges  to  de- 
preciation, maintenance,  interest,  and  possibly 
taxes,  so  that  the  highway  users  would  pay 
full  economic  costs  for  that  portion  of  the 
existing  highway  plant  for  which  they  are  held 
responsible  and  which  they  are  currently  using. 
In  this  manner,  subsidy  is  eliminated.  But 
engineers  are  looking  to  the  future.  They  are 
interested  in  an  adequate  expenditure  program 
to  expand  the  highway  plant  to  take  care  of 
existing  and  anticipated  traffic  conveniently 
and  economically.  The  fact  is  that  if  only 
annual  costs  of  the  existing  plant  are  met  by 
users  (lie  only  amounts  available  for  expansion 
of  the  plant  would  be  the  imputed  interest 
that  might  be  included  in  ascertaining  annual 
costs.  If  additional  funds  are  secured  by  in- 
creases in  user  taxes,  users  would  pay  more 
than  annual  costs  and  there  would  be  an  over- 
payment— a  negative  subsidy. 

The  difficulty  might  be  solved  by  borrowing 
or  by  the  use  of  general  tax  funds  for  highway 
expansion.  In  the  latter  case,  the  popular 
notion  that  the  use  of  general  taxes  for  high- 
ways  is  clearly  an  indication  of  subsidy  to 
users  should  be  dispelled.  However,  the 
financing  of  a  highway  plant  through  general 
funds  with  subsequent  repayment  by  user 
charges  which  include  interest  and  general 
taxes,  while  conceptually  sound  in  economic 


theory,  would  require  a  radical  departure 
from  present  thinking  about  highway  prob- 
lems. It  would  raise  another  difficult  policy 
question.  Investment  of  general  funds  in  the 
highway  plant  provided  for  benefit  of  users 
would  be  based,  not  upon  the  free  choice  of 
individuals,  but  upon  collective  judgment  as 
expressed  through  legislatures  and  effected 
through  compulsory  taxation.  What  standard 
would  guide  policy- makers  in  determining  how 
much  current  income  or  savings  should  be 
taken  from  individuals  through  general  taxa- 
tion and  invested  collectively  in  highways? 

Favorable     Benejit-Cost     Ratio     Not 
Conclusive 

The  practical  problem  of  dealing  in  highway 
expenditures  when  actually  financing  highway 
improvements  but  dealing  in  economic  costs  in 
making  comparisons  with  highway  benefits 
raises  other  issues.  Perhaps  these  can  be 
illustrated  by  a  homely  example.  Let  it  be 
assumed  that  accurate  cost  studies  show  that 
a  home  freezer  will  pay  for  itself  over  a  period 
of  time  by  direct  savings  in  food  costs,  and 
that  it  will  yield  other  benefits  such  as  savings 
in  shopping  time.  Establishment  of  these 
facts  will  not  be  likely  to  cause  every  family  in 
the  nation  to  rush  out  and  acquire  a  freezer. 
We  have  suggested  one  reason:  An  immediate 
expenditure  is  required;  the  savings  will  accrue 
over  a  period  of  years.  (Even  if  credit  is 
used  for  the  purchase,  the  time  extended  ordi- 
narily will  not  be  long  enough  to  reduce  pay- 
ments to  an  annual  cost  basis.) 

There  is  another  reason.  Each  family  has 
alternative  uses  for  its  funds.  Suppose  a 
family  is  faced  with  a  choice  between  a  freezer 
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and  a  television  set.  The  annual  money  costs 
may  be  the  same.  But  the  cost  to  this  family 
of  acquiring  a  freezer  will  be  the  value  (antic- 
ipated benefits)  of  the  television  set  which 
would  have  to  be  given  up.  Jn  its  judgment 
the  television  sel  may  yield  greater  benefits 
than  the  freezer,  even  though  it  has  been 
proved  that  the  freezer  will  pay  for  itself  over 
time. 

The  import  of  this  observation  is  that 
costs  as  computed  in  highway  benefit-cost 
calculations  for  investment  analysis  may  be 
understated.  It  might  be  assumed  that 
highway  improvements  will  be  justified  when 
the  benefits  gained,  evaluated  in  monetary 
terms,  exceed  the  costs.  But  a  home  freezer 
also  may  yield  benefits  that  exceed  its  cost. 
Just  as  the  family  might  choose  a  television 
set  instead  of  a  home  freezer,  given  a  choice 
it  might  choose  either  of  these  instead  of 
highway  improvements,  even  though  the 
latter  was  shown  to  yield  benefits  in  excess  of 
costs. 

Similar  considerations  might  apply  in 
business  situations.  Highway  improvements 
may  result  in  savings  which  over  time  more 
than  offset  their  cost  for  a  particular  trucking 
firm.  But  suppose  the  firm  could  gain  even 
greater  savings  with  a  similar  outlay  for 
modernizing  its  fleet  of  vehicles.  This  would 
be  the  more  prudent  investment,  if  the  firm 
had  any  choice. 

Again,  consider  the  total  economy.  Sup- 
pose it  is  proved  that  a  given  investment  in  high- 
ways yields  benefits  that  far  exceed  costs.  But 
society  as  a  whole  has  alternative  uses  for 
its  economic  resources.  And  value-cost  cal- 
culations for  a  reclamation  project  may  also 
show  benefits  exceeding  costs.  How  will  the 
choice  be  made  between  the  highway  improve- 
ment and  the  reclamation  project?  Perhaps 
if  there  were  only  two  alternatives  an  answer 
could  be  devised.  But  a  formula  to  choose 
between  highway  improvements  and  all  other 
possible  uses,  both  private  and  governmental, 
both  productive  and  consumptive,  to  which 
the  limited  resources  might  be  put  would  be 
virtually  incomprehensible. 

Judgment  Is  Involved 

It  is  clear,  then,  that  benefit-cost  analysis 
is  subject  to  severe  limitations,  at  least  in  the 
present  state  of  knowledge.  Individuals, 
businesses,  or  society  as  a  whole  may  well 
find  that  highway  improvements,  despite 
favorable  benefit-cost  ratios,  are  less  desirable 
than  alternative  uses  of  the  resources.  In  the 
final  analysis,  the  decision  on  aggregate 
highway  investment,  must  rest  upon  collective 
judgment  expressed  through  the  legislature. 
This  is  not  to  say  that  benefit-cost  analysis 
serves  no  purpose.  Quite  obviously,  if 
benefits  are  less  than  costs,  highway  expendi- 
tures would  not  be  warranted.  But  where 
the  benefit-cosl  ratio  is  favorable,  subjective 
judgment  must  come  into  play.  The  higher 
ratio,  the  more  convincing  is  the  case  for 
highway  expenditure.  But  at  some  point  on 
the  scale,  perhaps  a  cut-off  should  be  estab- 
lished. That  point  could  only  be  determined 
by  intersubjective  agreement. 
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(Approaches    to   Harbor  Drive? 


Our  discussion  has  been  confined  to  benefit- 
cost  calculations  as  a  possible  criterion  for 
highway  improvement  programs.  An  ap- 
proach to  the  problem,  now  widely  discussed, 
is  based  on  an  engineering  evaluation  of  the 
sufficiency  of  various  segments  of  the  highway 
system,  each  segment  being  given  a  rating  in 
relation  to  an  adequate  engineering  standard. 
But  unless  all  roads  are  to  be  brought  up  to 
the  adequate  standard,  a  point  must  be 
selected  below  adequacy  which  can  only  be 
determined  by  subjective  judgment.  A  pos- 
sible guide  in  making  this  judgment  is  a 
comparison  of  highway  benefits  with  costs 
at  various  points  on  the  sufficiency  rating 
curve. 

The  fact  that  no  formula  has  yet  been 
devised  to  grind  out  a  precise  answer  to  the 
problem  of  highway  investment  is  not  sur- 
prising. Wherever  economic  choices  are 
required,  individual  or  collective  judgment  is 
involved.  In  the  private  business  world,  final 
decisions  between  alternative  courses  of  action 
rest  upon  judgment  of  the  head  of  the  business 
or  the  board  of  directors.  The  economic 
decisions  of  the  individual,  the  family,  the 
business,  and  the  government  need  to  be 
buttressed  by  facts.  One  of  the  basic  aims  of 
economic  research  should  be  to  supply  the 
facts  and  make  the  analyses  that  will  lead  to 
more  rational  decisions. 

With  respect  to  highway  finance,  there  may 
be  no  substitute  for  informed  judgment,  but 
as  an  initial  step  forward  we  need  merely 
obtain  public  recognition  of  two  basic  concepts: 
(1)  that  highway  transportation  efficiency  and 


economy  depend  upon  both  the  public  road- 
way and  the  private  vehicle,  and  (2)  that 
highway  expenditures  should  be  evaluated  by 
weighing  benefits  against  cost,  and  not  as 
government  largess.  The  results  cannot  fail 
to  be  salutary. 

CONCLUDING  OBSERVATIONS 

Surely  by  now  it  must  be  clear  why  a  con- 
templation of  highway  transportation  econom- 
ics is  enough  to  give  one  "mental  indigestion." 
We  may  take  comfort  from  the  fact  that, 
despite  all  the  difficulties  and  confusion,  we 
have  developed  a  remarkably  effective  and 
efficient  transportation  system  in  this  country. 
There  is  every  reason  to  believe  that  further 
progress  will  be  made.  Competition  will 
continue;  there  will  be  shifts  of  traffic;  the  old 
methods  will  give  way  to  the  new;  and  over-all 
efficiency  will  increase.  It  is  perhaps  inevi- 
table in  the  competitive  system,  particularly 
when  complicated  by  varying  degrees  of  gov- 
ernmental participation,  that  inefficiencies  and 
imbalances  will  be  found  when  comparisons 
are  made  with  theoretically  ideal  conditions. 

There  is  no  easy  way  out  of  the  difficulty, 
for  it  is  apparent  that  the  fundamental  issues 
would  remain,  and  perhaps  be  greatly  exag- 
gerated, even  if  our  transportation  agencies 
were  unified  under  complete  government 
control.  Fortunately,  we  can  afford  to  toler- 
ate some  economic  losses  to  gain  the  greater 
advantages  that  accrue  under  the  stimulus  of 
competition  which  leads  constantly  to  new 
developments  and  improvements.  It  is  to  be 
hoped,  of  course,  that  further  research  will 
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whittle  away  at  the  edges  of  the  imponderables 
and  provide  bases  for  sounder  judgments  that 
will  reduce  the  imbalances  and  inefficiencies 
that  may  be  present  in  our  transportation 
system. 

It  bears  repeating  that  the  effectiveness  of 
the  great  productive  machine  that  has  made 
possible  such  high  standards  of  living  in  this 


country  cannot  be  attributed  alone  to  the 
wealth  of  our  natural  resources,  the  skill  of 
our  labor  forces,  and  our  efficient  use  of 
capital  in  mass  production.  It  rests,  also,  in 
no  small  measure,  upon  the  complex  but 
remarkably  capable  transportation  system 
that  has  been  developed.  And  highway 
transportation,  all  things  considered,  is  per- 


haps the  most  important  of  all.  Not  only  is 
it  a  potent  competitive  force,  but  it  comple- 
ments all  other  transportation  agencies  and 
plays  an  indispensable  role  in  the  direct 
satisfaction  of  human  wants.  A  continuation 
of  the  phenomenal  progress  of  highway  trans- 
portation of  the  past  50  years  is  one  of  the 
great  challenges  of  the  future. 


Reaction  of  Aggregate  with  Low-Alkali  Cement 


As  indicated  by  Davis,  Stanton s  made 
several  references  to  the  effect  of  small 
amounts  of  alkali-reactive  aggregates  on  the 
expansion  of  mortar,  and  to  the  possibility  of  a 
relation  between  the  amount  of  the  alkali  and 
the  amount  of  the  reactive  aggregate.  In  his 
reply  to  comments  regarding  his  paper  in  the 
1942  Transactions  of  the  American  Society  of 
Civil  Engineers,  Stanton  states: 

Further  attention  is  called  to  the 
low  percentage  of  opal  required  for 
maximum  results,  as  well  as  the  re- 
markably low  percentage  (in  some 
cases  less  than  0.5  percent)  which 
produces  excessive  expansion  in  a 
relatively  short  time     *     *     *. 

Test  results  available  by  July  1940, 
led  to  the  conclusion  that,  since  little, 
if  any,  measurable  expansion  was 
observed  with  deleterious  particles 
below  80-mesh  or  100-mesh  size,  the 
reason  for  the  falling  off  in  expansion 
as  the  percentage  of  such  particles 
was  increased  beyond  a  reasonable 
percentage  might  be  an  accelerated 
reaction  between  the  cement  and 
finely  dispersed  mineral  particles. 

Although  the  underlying  cause 
may  be  that  originally  suspected, 
later  tests  showed  that  neutraliza- 
tion also  occurs  in  the  presence  of 
excess  percentages  of  coarser  particles 
from  which  all  finer  particles  have 
been  removed.  From  this  it  would 
appear  that,  for  maximum  reaction, 
there  is  a  relation  between  the 
amount  of  reactive  mineral  in  any 


(Continued  from  page  56) 

unit    area    and    the    alkali    in    the 
cement     *     *     *. 

In  connection  with  a  discussion  of  the  effect 
of  added  sodium  or  potassium  hydroxide  to 
mortar  or  concrete,  Stanton  also  states: 

It  is  probable  that  there  is  a  dif- 
ferent "pessimum"  amount  of  alkali 
for  various  minerals,  just  as  there 
is  a  different  "pessimum"  amount 
of  different  minerals  for  a  given 
alkali  content. 

It  is  unfortunate  that  Stanton  did  not 
inquire  further  regarding  the  behavior  of 
aggregates  containing  small  amounts  of 
reactive  material  or  develop  the  relation 
between  the  amount  of  reactive  mineral  and 
the  alkali  in  the  cement  more  fully.  Lack  of 
definite  information  along  these  lines  as  well 
as  incomplete  knowledge  of  the  behavior  of 
low-alkali  cements  has  caused  the  develop- 
ment of  certain  assumptions  regarding  high- 
alkali  cements  and  highly  reactive  aggregates 
which  may  be  entirely  unwarranted. 

Application  of  Findings 

The  application  of  these  findings  to  the 
apparently  anomalous  results  obtained  in 
many  previous  investigations  will  readily  be 
seen.  Specific  mention  of  only  one  of  these 
investigations  will  be  made.  It  will  be 
recalled  that  in  a  study  of  the  behavior  of 
Platte  River  gravel  as  a  concrete  aggregate, 
Jackson  and  Kellermann  8  reported  that  the 
gravel  was  found  to  contain  only  0.3  percent 


'  See  footnote  2,  p.  50. 
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»  Volume  changes  in  sand-gravel  concrete,  by  F.  H.  Jackson 
and  W.  F.  Kellermann.  Proceedings  of  the  Highway 
Research  Board,  vol.  22, 1942. 


opal  by  weight.  This  small  amount  of  opal 
was  believed  by  many  to  be  insufficient  to 
cause  distress  of  concrete,  yet  concrete  pave- 
ments prepared  with  this  gravel  persistently 
developed  multiple  cracking  and  excessive 
expansion.  From  the  information  shown  here, 
the  use  of  an  aggregate  containing  very  small 
amounts  of  opal  may  be  sufficient  with  a 
particular  cement  to  cause  distress  of  concrete 
due  to  internal  expansion. 

In  determinations  of  the  availability  for 
chemical  reaction  of  alkali  in  portland  cement, 
it  seems  to  be  highly  desirable  to  make  tests 
of  mortar  using  sand  containing  several 
different  amounts  of  reactive  mineral.  The 
data  given  here  show  that  determinations 
should  be  made  of  the  quantity  of  reactive 
material  which  will  give  the  maximum  amount 
of  expansion  with  the  particular  cement  under 
test.  Only  by  this  method  can  a  worth-while 
comparison  of  the  chemical  activity  of  dif- 
ferent cements  be  obtained. 

If  concrete  is  prepared  with  a  low-alkali 
cement,  there  is  no  surety  that  a  nonexpansive 
material  will  be  obtained  unless  the  aggregate 
contains  no  reactive  mineral  or  sufficient 
reactive  mineral  to  give  a  low  value  for  the 
alkali-reactive  aggregate  ratio.  In  the  case 
of  high-alkali  cement,  the  addition  of  a  small 
amount  of  reactive  matter  to  the  concrete  to 
control  the  reaction  may  cause  the  develop- 
ment of  more  expansion  than  if  the  reactive 
matter  were  omitted.  In  either  case,  it  is 
believed  that  tests  should  be  made  using  the 
cement,  the  aggregates,  and  the  admixture,  if 
any,  which  are  considered  for  use  in  the 
proposed  construction.  Only  by  the  prepara- 
tion and  testing  of  concrete  as  it  will  be  used 
can  information  of  the  stability  of  the  material 
be  obtained. 
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TESTS  of  .'56  portlaiul  cements  varying  in 
alkali  content  l  from  0.22  percent  to  0.99 
percent  indicate,  as  reported  in  this  article, 
that  mortar  prepared  with  any  portland 
cement  may  develop  excessive  expansion  due 
to  the  reaction  between  the  aggregate  and 
sodium  oxide  or  potassium  oxide,  the  alkalis 
in  portland  cement.  An  expansion  of  0.1 
percent  or  more  at  an  age  of  1  year  or  less  is 
considered  as  an  excessive  amount  of  expan- 
sion. The  quantity  of  alkali-reactive  ma- 
terial in  the  sand  needed  to  obtain  a  maximum 
reaction  appears  to  be  dependent  on  the 
amount  of  alkali  in  the  cement.  If  the  ag- 
gregate contains  a  relatively  large  amount  of 
alkali-reactive  material,  a  low-alkali  cement 
probably  will  cause  little  if  any  reaction, 
but  the  same  cement  used  with  a  sand 
having  only  a  small  amount  of  reactive  ma- 
terial may  cause  an  objectionable  expansion. 
Definite  information  regarding  the  stability 
of  concrete  with  respect  to  expansion  caused 
by  chemical  reaction  can  be  obtained  only  by 
tests  of  concrete  containing  the  cement  and 
the  aggregates  to  be  used,  combined  in  the 
same  proportions  as  specified  for  the  work. 

Previous   Tests  and  Conclusions 

In  his  first  report  2  on  the  chemical  reaction 
between  cement  and  aggregates,  T.  E.  Stanton 
concluded: 

The  chemical  react  ion  producing  ex- 
cessive expansion  apparently  occurs 
only  when  the  portland  cement  com- 
ponent contains  an   appreciable  per- 
centage   of   alkali    in    the    form    of 
sodium    and    potassium    oxides.     It 
is  of  an  intensity  proportional  to  the 
percentage  of  such  oxides,  apparently 
being   of    such    low   order   as   to  be 
negligible  when  the  alkali  contem    i 
less  than  0.6  percent. 
Stanton's  use  of  0.6  percent  alkali  to  sep- 
arate high-alkali  from  low-alkali  cements  has 
been  accepted  widely  and  the  procedure  de- 
veloped  by   the  laboratory  of  the   California 
Division  of  Highways  for  the  determination 

I  potassium  oxide  an  repoi  ted  here  a; 
,:"  with  the  percentage ol alkali 

plus  0.058  of  the  potassium 

■Expansion  of  concrete  through  reaction  between  cemevt  and 
aggregate,   by   Thomas    I  ..,-   ,hl. 

Amen. 
1942. 
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Abnormal  expansion  of  concrete,  with  resulting  damage,  has  been  ividely  ob- 
served for  a  number  of  years.  Previous  study  of  this  phenomenon  has  disclosed 
the  cause  to  lie  in  the  reaction  of  alkali  in  the  cement  with  certain  reactive 
materials  in  the  aggregate.  It  has  generally  been  considered  in  the  past  that 
the  amount  of  expansion  teas  related  to  the  alkali  content  of  the  cement — the 
larger  the  alkali  content,  the  greater  the  expansion. 

From  the  test  data  reported  in  this  article,  it  now  appears  that  excessive  ex- 
pansion of  concrete  is  governed,  not  by  the  cement  alkali  content  alone,  but  by 
the  relation  of  the  alkali  content  of  the  cement  to  the  amount  of  reactive  ma- 
terial in  the  aggregate.  Low-alkali  cement  used  with  aggregate  containing  a 
small  amount  of  reactive  material  may  result  in  objectionable  expansion,  while 
the  same  cement  with  aggregate  containing  a  relatively  large  amount  of  reactive 
material  may  have  little  if  any  reaction. 

It  is  evident,  that,  if  excessive  expansion  of  concrete  is  to  be  avoided,  the  alkali 
content  of  the  cement  and  the  amount  of  reactive  material  in  the  aggregate 
must  both  be  investigated,  and  their  reactive  effect  explored.  Tests  should  be 
made  using  the  cement,  the  aggregates,  and  the  admixture,  if  any,  which  are 
considered  for  use  in  proposed  construction.  Only  by  the  preparation  and 
testing  of  concrete  as  it  ivill  be  used  can  information  on  the  stability  of  the 
material  be  obtained. 


of  reactive  aggregates  has  been  used  exten- 
sively. Under  this  procedure  comparisons 
are  made  between  the  expansion  developed  by 
a  mortar  containing  a  high-alkali  cement 
(0.6  percent  or  more)  in  combination  with 
the  aggregate  under  investigation  and  the 
expansion  of  similar  mortars  containing  the 
same  cement  and  one  or  more  standard 
aggregates  of  known  behavior.  These  stand- 
ard aggregates  include  a  nonreactive  sand 
(silica  sand  from  Ottawa,  111.,  is  used  by  the 
Bureau  of  Public  Roads),  and  reactive  sands 
which  are  obtained  by  the  addition  to  the 
nonreactive  sand  of  small  amounts  of  material 
containing  opal.  Several  opal-bearing  lime- 
stones and  cherts  were  tested  by  the  Bureau 
of  Public  Roads  but  different  shipments  of 
these  materials  were  found  to  vary  in  their 
reactivity  with  alkali  and  the  use  of  practi- 
cally pure  opal  was  adopted. 

Data  published  by  Stanton  and  data  sub- 
sequently obtained  by  the  Bureau  of  Public 
Roads  showed  that  the  expansion  of  portland 
cement  mortar  was  influenced  by  the  amount 
and  grain  size  of  the  reactive  material  in  the 
sand  as  well  as  by  the  particular  cement  used. 
In  figure  1,  the  effect  on  the  expansion  of 
mortar  of  different  percentages  of  reactive 
material  in  the  aggregates  is  shown.3  Infor- 
mation  developed   in   the   laboratory   of   the 


'Taken  from  fisure  2,  Durability  of  Concrett   as  Affected 
■  •.  by  Thomas  E.  Stanton.    National  Sand  and 
ular  \<i.  28,  19-17. 


Bureau  of  Public  Roads  regarding  the  effect 
of  size  of  grain  of  reactive  limestone  on  the 
expansion  of  mortar  is  given  in  figure  2. 

Stanton's  tests  (fig.  1)  indicate  that,  in 
the  case  of  chert,  maximum  expansion  was 
developed  when  approximately  5  percent  of 
the  reactive  material  was  used.  On  the  other 
hand,  when  the  reactive  limestone  was  used, 
Stanton's  tests  showed  that  20  percent  was 
required  to  develop  maximum  expansion  as 
compared  with  10  percent  in  the  Bureau's 
tests  (fig.  2).  As  the  result  of  this  work,  the 
Bureau  of  Public  Roads  adopted  the  practice 
of  using,  as  a  standard  reactive  aggregate, 
Ottawa  silica  sand  to  which  was  added  5  or 
10  percent  crushed  opal  by  weight.  At  first, 
little  consideration  was  given  to  the  size  of 
the  crushed  opal  other  than  it  pass  the  No.  8 
sieve  and  be  retained  on  the  No.  50  sieve. 
Later,  it  was  found  that  variations  in  the  size 
of  the  opal  caused  nonuniform  results  from 
test  to  test,  and  the  practice  of  using  a  single 
size  of  crushed  opal  was  adopted.  For  use 
with  Ottawa  sand,  the  opal  was  sieved  to  the 
No.  16  to  No.  30  size. 

Failures  with  Low- Alkali  Cement 

In  the  earlier  phases  of  investigations  of 
the  alkali-aggregate  reaction,  consideration 
was  given  almost  entirely  to  determining  if 
a  particular  aggregate  could  be  used  safely 
with  high-alkali  cement.  Test  specimens  were 
prepared  with  the  aggregate  in  question  and 
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Figure  1. —  Effect  of 
amount  find  kind  of  re- 
active material  on  ex- 
pansion of  1:2  mortar 
at  age  of  48  months. 
(Reactive  material  sub- 
stituted for  equivalent 
percentages  of  neutral 
sand;  alkali  in  cement, 
1.14  percent;  mortar  bars 
stored  in  sealed  con- 
tainers at  70°  F.  After 
Stanton.) 
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Figure  2.  —  Effect  of 
amount  and  size  of  grain 
of  reactive  material  on 
expansion  of  1:  2  mortar 
at  age  of  36  months. 
(Reactive  siliceous  mag- 
nesium limestone  sub- 
stituted for  equal  per- 
centages of  Potomac 
River  sand;  storage  in 
moist  air  at  130°  F.) 
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each  of  several  high-alkali  cements.  Occasion- 
ally a  low-alkali  cement  was  also  used,  but 
the  expansion  of  low-alkali  cement  mortar 
was  usually  so  small  that  it  was  believed  a 
waste  of  effort  to  test  such  material.  When 
interest  developed  in  possible  differences  in 
the  activity  of  different  high-alkali  cements, 
the  same  belief  of  the  nonreactivity  of  low- 
alkali  cements  prevailed  and,  except  for  an 
occasional  token  test,  little  thought  was  given 
to  studies  of  low-alkali  cements. 

With  broadening  of  knowledge  of  the 
occurrence  of  alkali-aggregate  reaction  in  the 
field,  reports  were  received  of  the  failure  of 
concrete  containing  low-alkali  cement.  In 
some  instances  the  type  of  failure  was  reported 
to  resemble  that  found  when  reactive  aggre- 
gates were  used  with  high-alkali  cement. 
The  receipt  of  this  information  recalled  certain 
anomalies  found  in  laboratory  work  with  low- 
alkali  cements  in  which  excessive  amounts  of 
expansion  of  mortar  had  been  observed.  A 
review  of  the  test  records  showed  many  in- 
stances   where    mortar    prepared    with    low- 
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alkali  cement  developed  excessive  expansion; 
in  other  work,  mortars  containing  high-alkali 
cement  and  reactive  aggregates  gave  only 
small  amounts  of  expansion.  The  number  of 
these  results  as  well  as  several  instances  of 
duplication  of  materials  used  and  duplication 
of  results,  indicated  that  possibly  some  features 
of  the  alkali-aggregate  reaction  had  not  been 
given  the  attention  they  deserved. 


Available  Data  Restudied 

These  observations  indicated  the  desirability 
of  investigating  more  fully  the  behavior  of  the 
low-alkali  cements  in  combination  with  sands 
containing  small  amounts  of  reactive  material. 
Instead  of  initiating  a  new  research  project, 
however,  it  was  decided  to  study  certain  avail- 
able data  from  tests  which  had  been  under 
way  for  various  periods  up  to  18  months. 
These  tests  involved  determination  of  the  ex- 
pansion of  mortar  bars  made  with  a  large 
number  of  cements  of  varying  alkali  content 


in  combination  with  aggregates  containing 
very  small  percentages  of  opal. 

A  review  of  the  data  for  this  group  of  tests 
showed  that  36  cements  from  35  different 
mills  had  been  tested  with  graded  Ottawa 
sand  containing  1,  2,  and  5  percent  of  opal. 
Chemical  analyses  of  these  cements  are  given 
in  table  1.  Fifteen  of  the  cements  had  an 
alkali  content  of  less  than  0.60  percent,  and 
nine  contained  less  than  0.50  percent  alkali. 
Only  one  round  of  test  specimens  was  made 
with  ten  of  the  cements,  but  two  to  five 
rounds,  depending  on  the  amount  of  material 
available,  were  made  on  different  days  with 
the  other  cements.  Each  round  consisted  of 
two  specimens  prepared  with  each  of  the 
three  test  sands.  A  water-cement  ratio  of 
0.5    by    weight    was    used    for    each    mortar. 

All  specimens  were  stored  in  moist  air  at  a 
temperature  of  100°  F.,  and  determinations  of 
change  in  volume  were  made  at  periodic  in- 
tervals. Over  half  of  the  specimens  were 
kept  under  test  to  an  age  of  18  months;  tests 
of  specimens  prepared  with  the  other  cements 
were  discontinued  at  earlier  ages  when  an 
excessive  amount  of  expansion  was  found.  It 
is  unfortunate  that  all  specimens  were  not 
tested  to  an  age  of  at  least  a  year  but  the  over- 
crowding of  the  storage  facilities  required  the 
removal  of  some  of  the  specimens.  In  the 
accompanying  data  showing  expansion  of 
mortar,  the  number  of  specimens  used  to 
obtain  the  values  reported  is  shown.  In  a 
number  of  cases,  breakage  of  a  test  specimen 
or  discontinuance  of  tests  for  another  reason 
caused  the  deletion  of  all  test  determinations 
for  the  specimens  so  affected. 


\    Surprising  Results  Obtained 

The  results  of  tests  for  expansion  of  mortar 
are  given  in  table  2,  and  are  shown  graphically 
in  figures  3A  and  3B.  The  results  obtained 
show  a  surprising  trend.  All  of  the  cements 
show  more  expansion  when  used  with  sand 
containing  either  1  or  2  percent  of  opal  than 
when  used  with  sand  containing  5  percent  of 
opal.  It  has  been  known  for  some  time  that 
if  sufficient  opal  were  added  to  inert  sand,  a 
mortar  could  be  obtained  which  would  have 
little  expansion.  However,  the  amount  of 
opal  needed  to  obtain  this  has  been  believed  to 
be  25  percent  or  more,  and  sand  containing 
only  5  percent  of  opal  was  considered  to  be 
highly  reactive.  To  find  that  smaller  amount  s 
of  opal  in  a  sand  would  cause  greater  amounts 
of  expansion  raises  a  question  as  to  the  validity 
of  the  results  obtained  in  earlier  investiga- 
tions, particularly  those  concerned  with  the 
availability  for  reaction  of  alkali  in  cement. 

At  least  one  of  the  three  mortars  prepared 
with  each  cement  expanded  0.10  percent  or 
more  at  an  age  of  1  year  or  less.  An  expan- 
sion of  this  amount  at  an  age  of  1  year  has 
recently  been  included  in  a  proposed  revision 
of  the  standard  specifications  for  concrete 
aggregates,  American  Society  for  Testing 
Materials  designation  C  33,  to  indicate  an 
aggregate  which  is  objectionably  reactive  with 
alkali  in  cement.  On  the  basis  of  this  maxi- 
mum permissible  expansion,  the  results  of 
these  tests  may  be  interpreted  to  show  that 
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Table  1 

.— Chemical  analysis  and  compound  composi 

tion  o 

F  cements  (in 

percf 

at) 

•;(  Xo. 

Chemical  analysis 

Total 
alkali 

Compound  composition 

RiO: 

AljOs 

FesOa 

CaO 

MgO 

SOa 

NaiiO 

KS0 

C3S 

C2S 

C3A 

1 
2 
3 
4 
5 

20.3 
20.4 
22.1 
21.7 
21.3 

6.5 
6.5 
5.9 
6.0 

2.2 
2.8 
2.0 
2.2 
2.9 

67.3 
63.7 
65.6 
65.5 
65.3 

0.8 
3.0 
1.0 
1.0 
1.2 

1.8 
2.1 
1.9 
1.8 
2.3 

0.04 
.14 
.39 
.09 

.07 

0.28 
.13 
.08 
.28 
.34 

0.22 
.23 
.24 
.27 
.29 

68 
50 
51 
53 

54 

7 
21 
25 
22 
21 

14 
12 
12 
12 
11 

6 

8 
9 
10 

20.9 
19.7 

22.1 
20.5 

6.2 
7.1 
5.1 
6.2 

2.1 
3.2 
1.8 
3.2 

66.1 
65.1 
66.6 
65.2 

1.0 

1.3 

1.1 

.9 

1.8 
2.1 
1.7 
2.3 

.08 
.08 
.32 
.15 
.20 

.32 
.42 
.11 
.43 

.47 

.29 
.36 
.39 
.43 
.51 

60 
57 
61 
57 

14 
14 
17 
16 

14 
13 
10 
11 

11 

19  7 

6.7 

3.5 

65.1 

.9 

2.1 

.14 

.59 

.53 

59 

12 

12 

12 

21.4 

5.8 

2.4 

65.6 

1.0 

1.9 

.16 

.59 

.54 

57 

19 

11 

13 

20.7 

5.7 

2.6 

63.6 

3.2 

1.6 

.19 

.63 

.54 

55 

18 

11 

14 

22.0 

5.6 

3.0 

65.0 

.6 

1.8 

.26 

.48 

.58 

50 

25 

10 

15 

21.4 

5.4 

2.5 

66.2 

.9 

1.9 

.44 

.23 

.59 

62 

15 

10 

16 

21.8 

5.1 

2.8 

64.7 

1.5 

1.8 

.21 

.60 

.60 

54 

22 

9 

17 

.33 

.43 

.61 







18 

20.9 

6.4 

1.9 

63.6 

3.0 

2.2 

.26 

.66 

.62 

48 

24 

14 

19 

22.6 

5.5 

3.0 

64.0 

.8 

1.9 

.17 

.70 

.63 

42 

33 

10 

20 



.... 

-  — 

.35 

.43 

.63 







21 

.36 

.44 

.65 

__ 





22 

20.5 

6.1 

3.2 

64.6 

1.1 

2.2 

.45 

.34 

.67 

55 

17 

11 

23 

.31 

.54 

.67 







24 

.27 

.62 

.68 







25 

21.4 

5.0 

3.6 

63.4 

2.8 

1.6 

.62 

.10 

.69 

52 

22 

7 

26 

.32 

.60 

.71 







27 

21.1 

4.4 

4.0 

63.4 

3.1 

1.7 

.23 

.74 

.72 

58 

17 

5 

28 

.34 

.61 

.74 







29 

20.9 

6.2 

3.2 

63.1 

1.8 

1.8 

.15 

.67 

.77 

47 

25 

11 

30 

22.2 

5.4 

2.6 

62.5 

3.3 

1.8 

.29 

.77 

.80 

41 

33 

10 

31 

20.1 

6.6 

2.8 

63.4 

2.9 

1.7 

.40 

.61 

.80 

52 

18 

13 

32 

21.7 

4.9 

3.1 

63.6 

2.3 

1.8 

.14 

1.04 

.82 

51 

24 

8 

33 

.34 

.76 

.84 







34 

.34 

.90 

.93 







35 

21.4 

5.3 

2.6 

64.9 

1.4 

1.5 

.95 

.06 

.99 

58 

18 

10 

36 

22.6 

6.2 

1.8 

62.1 

1.7 

2.2 

.73 

.39 

.99 

30 

42 

14 

Expansion  at  Eighteen  Months 

The  average  curves  shown  separately  for 
1,  2,  and  5  percent  opal  are  replotted  in  the 
summary  chart  in  figure  4  for  the  purpose  of 
ready  comparison.  As  both  sets  of  curves  in 
this  chart  show  similar  trends  and  as  the  tests 
at  18  months  may  be  considered  to  represent 
more  closely  the  ultimate  behavior  of  these 
mortars,  reference  to  the  curves  for  the  tests 
at  18  months  will  be  made.  Possibly  the 
most  important  feature  shown  is  that  when 
used  with  cement  of  low-alkali  content,  0.4 
percent  or  less,  sand  containing  a  small  amount 
of  opal  will  produce  mortar  having  an  excessive 
amount  of  expansion  (over  0.1  percent) 
while  sand  with  a  greater  opal  content  may 
furnish  mortar  having  but  little  expansion. 
When  cements  with  less  than  about  0.4  per- 
cent alkali  were  used,  mortars  prepared  with 
sand  containing  1  percent  opal  had  greater 
expansion  than  those  prepared  with  the  other 
two  sands.  The  curve  for  mortar  prepared 
with  sand  containing  2  percent  opal  shows  low 
amounts  of  expansion  for  cements  with  an  al- 
kali content  of  0.3  percent  or  less,  and  that  for 
sand  with  5  percent  opal  shows  expansions  of 
less  than  0.1  percent  for  cements  containing 
about  0.6  percent  alkali  or  less. 

Sand  containing  1  percent  opal  furnished 
mortar  with  a  greater  amount  of  expansion 
than  sand  containing  5  percent  opal  when  used 
with    cement    containing   about   0.9   percent 


all  cements,  even  with  as  little  as  0.22  percent 
alkali,  may  furnish  mortar  which  will  expand 
excessively  if  sand  with  a  critical  amount  of 
alkali-reactive  substance  is  used. 

All  of  the  eight  cements  in  the  group  which 
had  less  than  0.40  percent  alkali  (cements  1-8) 
gave  more  expansion  when  used  with  sand  con- 
taining 1  percent  opal  than  when  used  with 
sand  containing  larger  amounts  of  the  reactive 
mineral.  Twenty-five  of  the  twenty-eight 
cements  having  more  than  0.40  percent  alkali 
(cements  9-36)  gave  as  much,  or  more,  expan- 
sion with  sand  containing  2  percent  opal  as 
with  sand  containing  1  percent  and  all  showed 
more  expansion  with  2  percent  opal  than  with 
5  percent. 

The  relation  between  the  alkali  content  of 
the  cement  and  the  expansion  of  mortar  at 
ages  of  1  and  18  months  is  shown  in  figure  4. 
Mortar  prepared  with  sand  containing  1 
percent  opal  developed  maximum  expansion 
at  18  months  with  cement  containing  0.6  to 
0.7  percent  alkali.  With  greater  amounts  of 
alkali,  a  regression  of  the  expansion  of  the 
mortar  was  found. 

When  sand  with  2  percent  opal  was  used, 
maximum  expansion  of  mortar  at  18  months 
was  obtained  with  cement  containing  about 
0.9  percent  alkali.  The  data  shown  for  mor- 
tar prepared  with  sand  having  5  percent  opal 
indicate  that  for  this  condition  the  maximum 
expansion  of  mortar  at  18  months  may  be 
obtained  with  cement  having  considerably 
more  alkali  than  any  cement  used  in  these 
tests.  It  seems  probable  that  this  curve 
would  flatten  out  as  do  those  for  1  and  2  per- 
cent opal. 


0  5 


18  0  6  12  180 

AGE , MONTHS 

Figure  3A. — Expansion  of  1:  2  mortar  prepared  with  cements  hav- 
ing various  percentages  of  alkali  content  and  sand  containing 
1 .  2,  and  5  percent  opal. 
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Figure  3 B.— Expansion  of  1:2  mortar  prepared  with  cements  having  various  percentages  of  alkali  content  and  sand  containing  1,  2, 

and  5  percent  opal — Continued. 
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Figure  5. — Relation  between  alkali-opal  ratio  and  expansion  of  1  :  2 
mortar  prepared  with  sand  containing  1,  2,  and  5  percent  opal. 


alkali  or  less,  and  sand  containing  2  percent 
opal  furnished  mortar  which  expanded  more 
than  that  prepared  with  5  percent  opal  for  all 
cements  included  in  these  tests.  The  trend  of 
the  curves  indicates  that  for  cements  contain- 
ing about  1.1  percent  alkali  or  more,  mortar 
prepared  with  sand  containing  5  percent  opal 
would  have  greater  expansion  than  that  pre- 
pared with  sand  containing  2  percent  opal. 

Alkali-Opal  Ratio  Important 

From  the  above  it  appears  that,  for  mortar 
of  maximum  expansion,  the  alkali  content  of 
the  cement  must  increase  as  the  opal  content 
of  the  sand  increases  within  the  range  of  chem- 
ical content  of  the  materials  used  in  these 
tests.  This  suggests  that  a  ratio  of  alkali 
content  to  opal  content  might  be  used  to  indi- 
cate for  mortar  of  given  proportions  the  com- 
bination of  cement  and  aggregate  which  will 
furnish  the  most  undesirable  characteristics  to 
the  mortar,  and  also  the  combinations  which 
will  produce  mortar  having  relatively  a  small 
amount  of  expansion.  The  use  of  such  a 
ratio  is  shown  in  figure  5. 

In  this  figure,  the  values  plotted  are  those 
for  each  of  the  three  mortars  prepared  with  a 
given  cement  at  the  greatest  age  shown  in 
table  2  common  for  all  three  mortars.  Some 
of  these  values  were  determined  at  an  age  of 
1  month,  others  at  ages  of  6, 12,  and  18  months. 
Although  the  values  plotted  have  considerable 
dispersion,  they  serve  to  illustrate  the  devel- 
opment of  maximum  expansion  for  a  particu- 
lar combination  of  cement  and  reactive  sand 
and  not  necessarily  for  cement  of  the  maxi- 
mum alkali  content. 

With  the  materials  used  in  these  tests,  the 
maximum  amount  of  expansion  of  mortar  was 
obtained  when  the  alkali-opal  ratio  was  ap- 
proximately 0.4.  This  is,  of  course,  an  aver- 
age value  representing  the  three  reactive 
sands  used  in  these  tests.  Low  amounts  of 
expansion,  that  is  expansions  of  less  than  the 
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0.1  percent  cited  by  the  proposed  A.S.T.M. 
specification  C  33,  were  obtained  with  com- 
binations of  cement  and  aggregate  having  an 
alkali-opal  ratio  of  0.13  or  less.  Thus  it 
appears  that  highly  reactive  aggregates  and 
cements  containing  high  amounts  of  alkali 
may  furnish  mortar  or  concrete  with  less  ex- 
pansion than  aggregates  containing  small 
amounts  of  reactive  material  and  low-  or 
moderate-alkali  cements. 

Maximum  Expansion  Considered 

Frequent  mention  has  been  made  here  of 
the  maximum  expansion  of  mortar  or  con- 
crete. In  consideration  of  the  expansion  of 
materials  due  to  the  alkali-aggregate  reaction, 
the  development  of  an  objectionable  amount  of 
expansion,  which  may  be  much  smaller  than 
the  maximum  amount,  must  not  be  ignored. 
However,  in  comparisons  between  different 
materials,  the  maximum  expansion  obtained 
may  be  that  considered  in  the  selection  of  a 
material  or  a  combination  of  materials  for  use. 
In  this  discussion,  consideration  of  the  maxi- 
mum expansion  found  is  believed  permissible 
provided  attention  is  directed  to  the  desira- 
bility of  establishing,  when  needed,  limiting 
values  for  the  expansion. 

It  is  probable  that  the  alkali-reactive  aggre- 
gate ratio  for  maximum  expansion  of  mortar 
or  concrete  will  vary  depending  on  the  charac- 
teristics of  the  reactive  aggregate  used.  If 
the  reactive  aggregate  is  wholly  opal,  the 
ratio  for  maximum  expansion  may  be  close 
to  that  determined  here.  If  the  reactive 
aggregate  is  semi-opal,  or  volcanic  glass,  or 
any  of  other  alkali-soluble  forms  of  silica,  the 
ratio  which  will  give  the  most  undesirable 
properties  to  the  cement  product  may  be  quite 
different  from  that  mentioned  here. 

Many  additional  tests  would  be  required  to 
develop  this  relation  fully,  and  at  present 
there  seems  to  be  little  need  for  this  complete 
determination.     The  number  of  cements   in- 


cluded in  these  tests  and  the  uniformity  of 
the  results  obtained  appear  to  be  sufficient 
to  warrant  the  statement  that,  for  the  maxi- 
mum expansion  of  a  mortar  of  given  propor- 
tions, the  controlling  factor  is  the  alkali- 
reactive  aggregate  ratio  and  not  the  total 
alkali  in  the  cement. 

Particular  attention  was  given  to  the  mag- 
nesia content  of  each  cement,  as  it  has  been 
stated  that  magnesia  joins  with  the  alkali  in 
promoting  reaction  with  the  aggregate.  Only 
five  of  the  cements  for  which  complete  analy- 
ses are  shown  have  3.0  percent  or  more 
magnesia,  and  none  exceed  the  specification 
limit  of  5.0  percent.  Only  one  of  these 
cements  (cement  2)  produced  mortar  with  a 
significantly  greater  amount  of  expansion  than 
that  shown  by  mortars  prepared  with  cements 
of  about  the  same  alkali  content  but  with 
appreciably  less  magnesia.  No  well-defined 
relation  between  any  of  the  determinations 
of  the  oxides,  other  than  the  alkali,  and  the 
expansion  of  mortar  can  be  found  in  these 
data. 

Similar  Results  Found  by  Others 

Subsequent  to  the  development  of  the  con- 
clusions reported  here,  attention  was  drawn 
to  work  along  similar  fines  by  C.  E.  S.  Davis 
of  the  Commonwealth  Scientific  and  Indus- 
trial Research  Organization  of  Australia.4 
Tests  were  made  of  mortar  prepared  with 
inert  sand  containing  2.5,  5.0,  and  10.0  percent 
opal  and  cements  having  from  0.03  to  1.99 
percent  sodium  oxide.  The  cements  were 
prepared  in  the  laboratory.  In  a  summary 
of  the  results  of  these  tests,  the  following 
statements  were  made: 

The  rate  and  amount  of  expansion 
depended  also  on  the  opal  content  of 
aggregate  and  on  the  opal  to  soda 
ratio.  The  most  striking  illustration 
of  this  was  that  low-soda  clinkers 
(containing  0.35-0.49  percent  Na^O), 
which  did  not  cause  significant  ex- 
pansion with  aggregates  containing 
5  percent  opaline  rock,  eventually 
expanded  mortar  made  with  aggre- 
gates containing  2.5  percent  of  opal- 
ine rock.  It  may  thus  be  inferred 
that  clinkers  of  even  lower  soda 
content  may  cause  expansion  if  made 
into  mortar  with  aggregates  con- 
taining 2.5  percent  or  less  of  opaline 
rock. 

As  the  soda  content  of  clinker  in- 
creased, the  amount  of  opal  required 
for  maximum  expansion  (Stanton's 
"pessimum  proportion")  also  in- 
creased. 

Although  he  did  not  develop  the  information 
as  fully  as  might  be  desirable,  Davis'  reference 
to  the  opal  to  soda  ratio  and  his  inference 
regarding  the  behavior  of  cements  of  very 
low-alkali  content  agree  substantially  with 
the  findings  of  this  investigation. 
(.Continued  on  page  49.) 


*  The  effect  of  toda  content  and  of  cooling  rate  of  porlland 
cement  clinker  on  its  reactions  with  opal  in  mortar,  by  C.E.  S. 
Davis.  Australian  Journal  of  Applied  Science,  vol.  2,  No.  1, 
March  1951. 
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A  review  of  the  principles  of  public  credit  as  applied  to  highways  indicates  that 
bond-issue  financing  can  be  used  advantageously  to  accelerate  the  road-improve- 
ment program,  particularly  in  the  construction  of  expressways,  large  structures, 
and  other  primary  improvements.  The  interest  cost  of  a  bond  issue  is  justified 
by  the  advantages  derived  from  the  use  of  funds  for  construction  now  rather 
than  at  a  future  time  as  they  accumulate  from  normal  revenues.  These  advan- 
tages are  derived  in  the  form  of  added  savings  accruing  to  highway  users  because, 
of  earlier  completion  of  the  improvements  and  in  the  elimination  of  the  cost  of 
stop-gap  improvements  that  would  be  necessary  under  a  long-term  current-revenue 
program. 

The  postwar  need  for  highway  modernization  has  caused  an  increasing  trend 
among  the  States  toward  the  use  of  credit  financing.  During  the  5-year  period 
1946—50  the  States,  including  special  State  authorities  and  commissions,  issued 
$1,057  million  in  highway  bonds  (not  including  refunding  issues),  the  counties 
and  other  local  rural  units  issued  $444  million,  and  the  urban  places  $685  million, 
making  a  total  for  the  period  of  $2,186  million.  The  amount  of  all  highway 
and  street  debt  outstanding  at  the  end  of  1950  ivas  approximately  $4.5  billion. 
The  latest  available  figures  for  1951  indicate  that  approximately  $460  million 
in  State  highway  issues  alone  were  sold  in  that  year. 

Among  bond  issues  at  the  State  level  the  most  publicized  of  recent  developments 
has  been  the  use  of  revenue-bond  financing  in  the  construction  of  toll  roads.  To 
a  total  of  $54  million  in  toll-road  bonds  outstanding  at  the  end  of  1945,  $449 
million  were  added  during  the  6-year  period  1946—51 ;  $12  million  icere  retired, 
leaving  $491  million  outstanding  at  the  end  of  the  period.  Toll-bridge  bonds 
increased  in  amount  outstanding  from  $315  million  to  $445  million  between 
1945  and  1951. 

Toll-free  Stale  issues  outstanding  at  the  end  of  1945  were  $1,269  million; 
$781  million  were  issued  during  the  6-year  period  and  $539  million  were  redeemed, 
leaving  $1,511  million  outstanding  at  the  end  of  1951.  Among  toll-free  issues 
there  was  a  notable  increase  in  the  use  of  limited-obligation  bonds,  secured  by  a 
pledge  of  the  proceeds  of  road-user  taxes,  the  amount  outstanding  increasing 
from  $97  million  to  $320  million  during  the  6-year  period. 

The  study  of  individual  issues  in  numerous  States  discloses  wide  variations  in 
method  and  a  tendency  to  experiment  with  different  forms  of  credit  financing. 
The  toll-road  movement  continues  vigorous;  but  two  States,  New  Hampshire  and 
New  York,  have  taken  steps  to  avoid  the  high  debt-service  charges  associated  with 
toll-revenue  bonds  by  the  use  of  general-obligation  financing.  Limitations  on 
debt  and  the  difficulties  of  amending  State  constitutions  have  been  avoided  in 
some  States,  notably  Florida  and  Pennsylvania,  by  the  creation  of  special  State 
authorities  with  the  power  to  borrow.  In  other  States  the  credit  of  counties  and 
cities  is  utilized  in  the  development  of  urban  expressivays  and  controlled-access 
highways,  by  the  issue  of  limited-obligation  bonds  secured  by  road-user  taxes  and 
other  pledged  revenues.  Traditional  methods  of  State  highway  bond  financing 
are  being  used  with  conspicuous  success  in  a  number  of  States,  among  them  Mary- 
land and  Massachusetts;  but  even  in  this  field  a  choice  is  offered  between  limited- 
obligation  and  general-obligation  bonds.  North  Carolina  and  West  Virginia  differ 
from  other  States  in  this  group  by  using  bond-issue  funds  to  improve  their 
secondary  road  systems. 

Only  time  and  experience  can  show  which  of  these  diverse  methods  of  credit 
financing  are  most  suitable  in  the  highway  field.  Current  examples  of  the  success 
of  toll-free  financing  of  major  improvements,  and  efforts  toward  the  prudent 
and  economical  financing  of  toll  facilities  suggest  that,  in  the  long  run,  the  true 
principles  of  public  service  will  prevail  over  any  tendency  to  exploit  the  money- 
making  potentialities  of  traffic  demand. 
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HIGHWAY  inadequacies  and  deficiencies 
are  almost  universally  recognized  to- 
day— by  highway  engineers  and  administra- 
tors, by  motor-vehicle  manufacturers,  sup- 
pliers, and  users,  and  by  the  public  gener- 
ally. A  great  deal  has  been  said  in  recent 
years  about  highway  needs.  Numerous  States 
have  made  careful  studies  of  road  and  street 
requirements  within  their  borders ;  these  and 
other  data  have  formed  the  basis  of  a  num- 
ber ~of  Nation-wide  estimates  of  highway 
needs — of  the  Interstate  Highway  System 
(J),1  of  the  Federal-aid  system  (2),  and  of 
all  roads  and  streets  (3,  4). 

A  few  years  ago  there  was  talk  of  a  $4- 
billion  program,  amounting  in  more  exact 
terms  to  $4,413  million  (4),  as  the  annual  sum 
required  to  meet  all  road  and  street  needs. 
This  estimate,  based  on  the  concept  of  a  pro- 
gram to  achieve  adequacy  in  15  years,  made 
use  of  a  rather  optimistic  forecast  of  the 
trend  of  highway  prices,  which  were  expect- 
ed to  cascade  downward  toward  a  level  50 
percent  above  the  prewar  status.  Actual  ex- 
penditures for  all  roads  and  streets  in  1930 
were  $4.27  billion,  or  nearly  $4.6  billion  if  debt 
retirements  are  included  (5).  Thus  the  $4- 
billion  program  is  at  hand,  but  it  has  brought 
far  less  accomplishment  than  was  contem- 
plated in  the  original  $4.4  billion  estimate. 

Of  late  there  has  been  little  talk  of  declin- 
ing price  levels ;  and  a  figure  of  $5.7  billion 
has  emerged  as  the  annual  requirement  for  an 
adequate  road  and  street  program.  That 
value  is,  in  effect,  the  over-optimistic  $4.4-bil- 
lion  program  converted  into  1951  dollars.  Not 
claimed  to  be  highly  accurate,  it  will  stand  as 
a  fair  indicator  of  the  extent  to  which  our  an- 
nual achievements  fall  short  of  our  highway 
needs. 


1  Italic  numbers  in  parentheses  refer  to  the  list 
of  references  on  page  88. 
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Massachusetts  State  Route  128  at  Weston. 


Difficulties  in  Financing 

The  greatest  difficulties — and  the  widest 
areas  of  disagreement — are  found  in  the  field 
of  highway  finance.  In  all  too  many  States 
the  legislatures,  or  the  people  by  popular 
referendum,  have  failed  to  ratify  the  plan 
for  financing  the  engineering  program  of  high- 
way needs ;  or,  by  adopting  half-measures, 
have  put  the  improvement  program  on  short 
rations.  These  failures,  and  the  general  Na- 
tion-wide inability  to  match  needs  with  pro- 
duel  ive  efforts,  have  caused  some  people  to 
say  that  we  are  fighting  a  losing  battle  against 
the  destructive  forces  and  imperative  de- 
mands of  highway  traffic.  This  pessimism, 
not  to  say  defeatism,  is  unwarranted.  No- 
table highway  improvements,  rural  and  urban, 
in  a  number  of  States  in  recent  years  have 
advanced  the  highway  plant  toward  adequacy, 
even  though  not  at  the  desired  rapid  rate. 
Two  States,  Michigan  and  Washington,  have 
taken  aggressive  steps  to  meet  the  challenge 
of  their  highway  needs  studies.  By  legisla- 
te enactment  (o,  7)  both  States  have 
launched  a  double-barreled  attack,  providing 
for  increased  highway  taxes  and  the  use  of 
bond  issues.  These  are  only  two  out  of  nu- 
merous examples  that  can  be  cited  of  bold 
action  to  meet  the  threat  of  inadequate  high- 
ways. And  it  must  be  acknowledged  that  the 
toll  road  movement,  although  in  the  opinion 
of  many  it  is  storing  up  problems  for  the 
future,  is  at  least  giving  us  some  roads  as 
of  now. 

A  canvass  of  the  stales  that  have  proceeded 
boldly  to  the  attack  on  highway  deficiencies 
will  reveal  the  fact  that  the  judicious  use  of 
public  credit  is  a  most  potent  weapon  in  this 
struggle.  It  is  the  purpose  of  this  article  to 
examine  the  recent  history  of  credit  financing 
of  highways  in  the  United  Stales,  with  par- 
ticular attention  to  those  devices  and  pro- 
cedures for  borrowing  that  have  found  favor 
among  the  States,  or  give  particular  promise 
for  future  use.  Toll-revenue  bond  financing 
by  public  authorities  is  a  form  of  credit 
financing  for  highways  and  is  treated  as  such 
herein,  without  discussion  of  the  controver- 
sial aspects  of  the  toll-road  movement.  The 
article  is  concerned  with  four  major  themes: 
(1)  A  discussion  of  the  use  of  credit  In  pub- 
lic  finance,   in   general,   and  with  particular 


reference  to  highways ;  (2)  a  brief  historical 
review  of  highway  bond-issue  financing;  (3) 
a  discussion  of  recent  developments  in  the 
field,  with  statistics  of  bonds  issued,  re- 
deemed, and  outstanding  during  the  period 
1945-50;  and  (4)  consideration  of  the  meth- 
ods of  borrowing  employed,  the  progress  made, 
and  the  recent  experiences  encountered  in  a 
number  of  specific  States  (insofar  as  possible, 
information  up  to  June  30,  1952,  is  included). 
A  word  should  be  said  about  the  current 
situation.  The  stringency  in  steel  and  other 
scarce  metals  may  put  a  damper  on  the  high- 
way construction  program  during  coming 
months.  The  inflated  condition  of  highway 
prices  may  also  act  as  a  deterrent,  although  up 
to  now  the  urgency  of  need  has  been  the  com- 
pelling factor.  Finally,  highway  borrowing, 
although  relatively  of  very  modest  propor- 
tions, may  be  charged  by  some  with  contribut- 
ing to  the  inflationary  spiral,  through  the  ex- 
pansion of  credit.  This  article  is  not  con- 
cerned with  the  immediate  situation,  or  with 
short-term  decisions  that  may  have  to  be 
made  about  particular  bond  issues.  It  is  con- 
cerned with  the  role  of  highway  bond  financ- 
ing in  an  economy  such  as  we  have  experienced 
during  the  past  few  years  and  seem  likely  to 
have  over  a  considerable  period  in  the  future — 
one  of  high  national  income,  with  generally 
expanding  production  and  a  steady  increase 
in  motor-vehicle  traffic. 

PRINCIPLES  OF  PUBLIC  CREDIT 

Credit,  which  is  the  power  to  borrow  money, 
permits  the  current  use  of  future  assets.  It 
plays  an  important  part  in  daily  life.  Busi- 
ness uses  credit  to  finance  capital  improve- 
ments, to  facilitate  day-to-day  operations,  and 
to  meet  emergencies.  Individuals  borrow  to 
purchase  homes  and  for  other  major  outlay-, 
as  well  as  to  meet  emergencies.  Installment 
credit  is  widely  used  to  finance  the  purchase 
of  automobiles,  household  appliances,  furni- 
ture, and  other  goods.  For  governments,  no 
less  than  for  individuals,  credit  is  a  useful 
tool. 

To  meet  the  varying  needs  of  ordinary  pri- 
vate credit  operations,  divers  credit  instru- 
ments have  been  developed,  all  of  which  in- 
volve the  present  use  of  or  control  over  pur- 
chasing power  in  exchange  for  a  promise  to 


repay  the  amount  so  used.  Among  these  are 
notes,  bills,  letters  of  credit,  and  bonds. 

Public  credit  is  a  branch  or  form  of  credit 
in  general.  It  enables  a  governmental  unit 
to  obtain  something  of  value  by  promising  to 
pay  at  a  later  time.  The  promise  of  the  bor- 
rowing unit  of  government  may  bear  one  of 
several  appellations  depending  on  the  term 
of  the  debt  and  local  terminology.  Among 
the  more  common  are  note,  warrant,  certificate 
of  indebtedness,  debenture,  and  bond.  Notes, 
warrants,  and  certificates  of  indebtedness  are 
usually  of  a  shorter  term  than  are  debentures 
or  bonds.  In  general  investment  terminology, 
short-term  obligations  are  called  notes  and 
long-term  obligations  are  called  bonds.  This 
article  deals  primarily  with  public  long-term 
obligations  incurred  for  highway  improve- 
ments ;  in  other  words,  State,  county,  and 
local  highway  bonds. 

It  has  been  said  (S)  that  "Since  public 
credit  is  simply  the  use  by  government  of  a  de- 
vice known  and  used  throughout  the  com- 
mercial world,  the  principles  underlying  gov- 
ernment credit  are  not  different  from  those 
that  apply  generally."  Both  public  and  pri- 
vate credit  depend  upon  the  resources  and 
reputation  of  the  debtor.  The  principal  dif- 
ferences between  public  and  private  credit 
stem  from  the  security  behind  the  loan.  In 
the  case  of  public  revenue  bonds  not  backed 
by  the  full  faith  and  credit  of  the  issuing  gov- 
ernment, even  this  difference  diminishes. 

Prudent   Public  Borrowing 

The  circumstances  under  which  it  is  pru- 
dent for  a  government  to  incur  debt  do  not 
differ  greatly  from  those  under '  which  it  is 
proper  for  an  individual  or  a  corporation  to 
borrow  money.  The  principle  that  it  is  ad- 
visable to  borrow  when  the  use  of  money  is 
more  valuable  at  the  time  of  borrowing  than 
at  the  time  of  repayment  holds  true  for  gov- 
ernments as  well  as  individuals.  Howard  (9) 
states  the  matter  in  these  words :  "If  the 
earlier  use  of  money  is  more  valuable  than 
the  interest  that  must  be  paid,  then,  as  a 
general  rule,  it  is  unobjectionable  for  the  gov- 
ernment to  borrow.  Indeed,  it  may  not  only 
be  wise  and  prudent  but  also  highly  neces- 
sary. So  far  as  the  use  of  money  is  more 
valuable  at  a  given  time  than  its  interest  cost, 
there  is,  then,  no  pronounced  difference  be- 
tween public  and  private  credit." 

It  is  well  to  examine  this  principle  for  a 
moment,  as  it  lies  at  the  root,  not  only  of  the 
issuance  of  bonds,  but  of  all  monetary  trans- 
actions. The  matter  at  issue  is  the  time 
value  of  money.  Without  entering  into  the 
basic  economics,  or  the  psychology,  of  inter- 
est and  interest  rates,  we  may  state  that 
money  in  hand  is  always  of  more  value  than 
an  equal  amount  in  future  prospect.  A  dis- 
cussion of  this  principle  as  it  affects  the  entre- 
preneur is  found  in  Baumol's  Economic 
Dynamics  (10). 

If  Pi  is  defined  as  a  certain  amount  of 
money  expected  at  the  end  of  a  period,  say  a 
year,  and  P0  is  its  present  value  (a  smaller 
amount),  we  may  define  the  interest  rate  1 
as  such  that : 
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P„(l+i)=Pi. 

If  P;  is  the  amount  in  prospect  at  the  end  of 
the  second  year,  having  value  P%  at  the  end  of 
the  first  year,  we  have : 

Pi(l+i)=P*;  thus 

Po(l  +  t)2  =  P2. 

By  inspection  it  follows  that  if  P«  is  de- 
fined as  an  amount  of  money  expede  1  at  the 
end  of  n  years,  its  present  value  is  given  by 
the  equation : 

p0(l+i)«=Pn;and 

If  the  quantity  1/(1+ i)  is  defined  as  the 
discount  factor  D  we  have  : 

Po  =  DnPn. 

The  above  is  no  more  than  a  statement  of 
the  principle  of  compound  interest;  but  it 
should  be  borne  in  mind,  because  there  are 
tli<  ise  who  maintain  that  interest  on  a  gov- 
ernment debt  is  merely  so  much  money 
wasted.  The  crux  of  the  matter  lies  in  the 
advantage  gained  from  luoney  in  hand  rather 
than  in  prospect. 

Value  of   Money   in   Hand 

In  a  simple  example  of  private  enterprise, 
a  man  may  wish  to  borrow  money  to  build  a 
factory,  in  anticipation  of  profits  to  be  had 
from  the  manufacture  and  sale  of  a  commod- 
ity. Since  he  cannot  build  the  factory  with- 
out it,  money  in  hand  is  of  great  value  to  the 
would-be  manufacturer.  The  capitalist,  know- 
ing the  value  of  his  money  and  wishing  to  de- 
rive an  income  from  it,  appraises  the  risks 
involved  as  well  as  the  relative  time  values  of 
money ;  and  reaches  an  agreement  with  the 
borrower  as  to  the  rate  of  interest. 

To  a  government  wishing  to  borrow  money 
the  advantages  of  money  in  hand  rather  than 
in  prospect  are  seldom  in  the  form  of  antici- 
pated profits,  although  they  often  have  to  do 
with  the  operation  of  public  enterprises.  The 
advantages  exist,  nonetheless,  and  they  are 
the  only  reason  why  a  governmental  unit 
should  float  a  loan  and  pay  interest  on  it. 
Sometimes  the  advantage  takes  the  form  of 
relief  from  a  dire  emergency  or  from  tempo- 
rary financial  embarrassment ;  at  other  times 
great  and  lasting  benefit  to  the  community  is 
anticipated.  To  the  latter  category  belong 
the  highway  bond  issues  with  which  this  ar- 
ticle is  concerned. 

For  governments  as  well  as  individuals  and 
corporations  the  proper  function  of  credit  is  to 
serve  as  a  supplement  to  current  revenue. 
The  principal  of  any  debt,  together  with  in- 
terest, must  ultimately  be  paid  from  current 
revenue  unless  the  debt  is  defaulted  or  re- 
pudiated. Although  failures  to  repay  public 
debt  have  not  been  unknown  in  American 
history,  highway  borrowings  in  the  modern 
era  (1S90  to  date)  have  been  conspicuously 
free  from  this  blight.  The  necessity  for  the 
repayment  of  loans  out  of  taxes  does,  however, 
bring  to  the  fore  the  fact  that  there  are  three 
parties  to  a  public  credit  transaction :  The 
governmental  unit,  acting  in  the  role  of  inan- 
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agement ;  the  taxpaying  public,  which  either 
directly  or  through  legislative  action,  must 
approve  the  loan ;  and  the  money  lenders,  or 
investing  groups. 

Time  Value  of  Money 

The  attitude  of  each  of  these  three  parties 
is  affected  by  views  regarding  the  time  value 
of  money — the  value  of  money  in  hand  in  rela- 
tion to  money  in  prospect.  The  public  in  par- 
ticular, tax  conscious  as  it  generally  is,  must 
decide  whether  to  forego  the  prospective  ad- 
vantage altogether,  to  finance  it  out  of  cur- 
rent— and  perhaps  very  burdensome — taxa- 
tion, or  to  finance  it  by  means  of  a  loan,  e.  g., 
to  make  the  payment  out  of  dollars  of  which 
the  present  value  is  less  than  that  of  the 
dollars  out  of  which  current  taxes  must  be 
paid.  The  governmental  body,  representing 
the  public,  attempts  to  act  in  its  interest. 
The  investing  groups,  in  appraising  the  de- 
sirability of  the  proposed  loan,  must  Sleigh 
not  only  the  relative  time  values  of  money 
but  also  the  lower  risks  involved  in  municipal 
as  compared  with  industrial  securities,  and 
certain  income-tax  advantages  to  be  derived 
from  the  possession  of  tax-exempt  bonds. 

Since  public  borrowing  is,  in  effect,  post- 
poned taxation,  the  answer  to  the  problem  of 
when  it  is  financially  proper  for  a  government 
to  borrow  requires  consideration  of  the  neces- 
sity or  equity  of  distributing  part  of  the  finan- 
cial burden  to  future  taxpayers.  Shultz,  in 
his  work  American  Public  Finance  (11),  has 
stated :  "Authorities  on  public  finance  have 
established  four  fiscal  purposes  which  may 
justify  governments  in  raising  funds  by  bor- 


rowing— to  finance  large  emergency  or  irregu- 
lar expenditures,  to  finance  capital  construc- 
tion projects,  to  harmonize  the  divergent 
rhythms  of  current  expenditures  and  current 
revenues,  and  to  refinance  existing  debt. 
Certain  nonfiscal  considerations  may  occa- 
sionally provide  supplementary  justification 
for  a  government's  borrowing  policy."  Be- 
fore proceeding  to  an  examination  of  the 
special  features  and  attributes  of  borrowing 
for  highways,  it  seems  expedient  to  discuss 
in  general  terms  these  four  accepted  justifica- 
tions of  credit  financing. 

Emergency  Expenditures 

In  the  case  of  unforeseen  or  unavoidable 
emergencies  the  resort  to  borrowing  may  not 
only  be  wise  and  prudent ;  it  may  be  inevi- 
table. The  practice  of  the  Federal  Govern- 
ment in  financing  a  large  part  of  its  war  ex- 
penditures by  the  issue  of  bonds  is  a  prime 
example  of  emergency  borrowing.  On  the 
State  and  local  level,  floods,  earthquakes,  and 
other  disasters  not  infrequently  occasion 
large  expenditures  which  can  most  conven- 
iently be  covered  by  means  of  loans.  State 
ami  local  governments  that  have  neglected, 
•  >r  have  been  unable  to  keep  institutional  and 
other  facilities  abreast  of  the  needs  of  modern 
times,  may  find  the  urgent  need  for  rehabili- 
tation constituting  an  emergency  justifying 
the  resort  to  credit  financing.  The  need  of 
our  highways  for  modernization  to  meet  traf- 
fic demands  is  a  special  instance  of  this ;  but 
this  category,  relating  as  it  does  to  public 
works,  belongs  more  properly  in  the  second 
of  the  four  justifications  for  borrowing. 
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Capital   Outlay 

Writers  on  public  finance  I  y.  •''.  tl  i  are 
erally  agreed  that  capital  outlays  for  self- 
supporting  public  enterprises  are  properly 
financed  by  borrowing.  Such  enterprises  in- 
clude city  water  departments,  power  author- 
ities, irrigation  developments,  and,  of  course, 
highway  toll  facilities  I  There  is  much  cur- 
rent controversy  aboul  power  authorities  and 
other  water-resources  developments,  as  well 
as  aboul  toll  facilities;  but  it  should  be  ob- 
served that  the  arguments  center  about  the 
desirability  of  the  enterprises  themselves,  and 
m.t  about  the  use  of  credit  to  finance  a  self- 
supporting  enterprise.)  As  in  the  case  of  a 
private  corporation  issuing  bonds  to  <'r<-.iU' 
or  acquire  property,  the  bonds  are  often  tech- 
nically mortgages  against  the  property.of  the 
enterprise;  but  the  real  security  behind  the 
issue  is  the  assurance  that  revenues  will  be 
more  than  sufficient  to  maintain  the  property 
and  to  pay  interest  on  the  bonds. 

Most  authorities  are  willing  to  carry  the 
analogs  a  step  further  by  sanctioning  the  use 
of  public  credit  to  finance  long-lived  improve- 
ments such  as  schools,  hospitals,  and  other 
institutions,  and  roads  and  bridges  provid- 
ing;, of  course,  that  the  improvements  v\  ill  out- 


last the  term  of  the  bonds.  On  this  sub- 
ject Lutz  (8)  has  the  following  to  say:  "If 
the  debt  maturities  are  arranged  in  accord- 
ance  with  the  probable  life  of  the  improve- 
ments, and  if  the  bonds  are  always  redeemed 
and  never  refunded.  :i  case  can  be  made  out 
lor  permitting  the  necessary  funds  to  be 
raised  by  means  of  loans.  The  advocates  of 
the  Joan  polic3  for  such  improvements  will 
contend  that  the  taxes  required  to  pay  in- 
terest and  sinking-fund  charges  on  the  un- 
redeemed installments  of  the  debt  would  be 
balanced  by  the  loss  to  taxpayers  that  would 
result  if  a  very  much  larger  tax  levy  were 
made  outright  in  order  to  pay  for  the  improve- 
ments in  cash  as  they  are  constructed.  If 
the  outlay  is  so  large  that  the  lax  would  seri- 
ously retard  industry  and  initiative  this  posi- 
t  ion  is  doubtless  well  taken.  Credit  enters  as 
the  useful  and  necessary  supplement  to  cur- 
rent revenues  for  the  purpose  of  spreading 
the  burden  over  time,  and  so,  in  reality,  of 
lightening   it." 

Although  cautioning  against  the  indiscrimi- 
nate use  of  borrowing  to  finance  all  capital 
outlays,  students  of  public  finance  are  almost 
unanimous  in  agreeing  that  extraordinary 
capital  outlays  for  improvements  that  will 
benefit  future  taxpayers  are  properly  financed 
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by  borrowing.  Adherence  to  this  concept  re- 
quires that  a  distinction  be  made  between  or- 
dinary continuing  capital  expenditures  and 
extraordinary  capital  expenditures.  Prac- 
tically all  governmental  units  make  some  cai>- 
ital  outlays  each  year  to  provide  for  normal 
growth  and  to  replace  existing  capital  im- 
provements. To  the  extent  that  such  capital 
expenditures  are  an  ordinary  and  continuing 
phase  of  governmental  activities,  as  are  ex- 
penditures for  maintenance  and  operation, 
they  should  be  provided  for  from  current 
revenues.  On  the  other  hand,  large  capital 
outlays  of  a  type  which  will  not  soon  be  re- 
peated cannot  always  be  financed  from  the 
revenues  of  a  single  year  without  throwing  an 
inordinate  burden  on  the  taxpayers.  If,  how- 
ever, such  outlays  are  financed  by  borrowing, 
the  taxes  necessary  to  service  the  debt  can  be 
spread  over  a  period  of  years  and  the  incre- 
ment of  the  construction  cost  in  each  year's 
levy  will  be  too  small  to  be  irksome.  Further- 
more, future  taxpayers  who  contribute  to- 
wards the  retirement  of  the  construction  debt 
will  be  deriving  a  benefit  from  it.  Under  such 
circumstances,  borrowing  for  the  construction 
of  public  works  which  are  socially  advanta- 
geous and  productive  is  a  proper  use  of  public 
credit. 

The  Cyclical  Budget 

The  issuance  of  short-term  notes  or  cer- 
tificates of  indebtedness  to  balance  the  ir- 
regular flow  of  revenues  in  relation  to  dis- 
bursements is  a  common,  although  not  uni- 
versal, practice  at  all  levels  of  government. 
Of  greater  significance  is  the  concept  of  a 
cyclical  budget  which  has  developed  in  part 
from  the  depression  experience.  This  con- 
cept (12)  emphasizes  "the  desirability  of  in- 
creasing public  spending  and  reducing  taxes 
in  bard  times  as  measures  to  soften  depres- 
sions and  to  promote  economic  recovery.  It 
follows  that  borrowing  will  be  called  upon  to 
close  the  gap  between  expenditures  and  tax 
receipts.  *  *  *  When  economic  condi- 
tions become  favorable,  compensatory  fiscal 
policy  will  require  increases  in  taxation  and 
a  reduction  of  indebtedness." 

Highways  participated  in  the  counter- 
cyclical effort  during  the  depression  years. 
A  number  of  States  (among  them  Massachu- 
setts, New  York,  and  Washington)  and  many 
local  units  issued  public-works  bonds  for  un- 
employment relief,  the  proceeds  being  used  in 
part  for  highway  work.  The  Federal  Gov- 
ernment utilized  its  borrowing  power  to  es- 
tablish a  loan  and  grant  procedure  under  the 
Public  Works  Administration  and  for  a  work- 
relief  program  under  the  Work  Projects  Ad-j 
ministration  and  its  predecessors.  Each  of 
these  agencies  in  its  own  way  spent  a  con- 
siderable amount  of  money  in  highway  work. 
Grants  to  the  States  through  the  agency  of 
the  Bureau  of  Public  Roads  were  also  in- 
creased, although  on  a  nonmatching  basis. 
These  efforts,  although  very  useful  in  pro- 
viding unemployment  relief,  did  not  result  in 
a  major  counter-cyclical  effort,  as  they  served 
largely  to  replace  dwindling  State  and  local 
revenues. 
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World  War  II  interrupted  the  supposedly 
normal  cycle  of  depression  and  prosperity, 
causing  an  abrupt  curtailment  of  highway 
building  and  other  peacetime  public-works  ex- 
penditures in  the  face  of  tremendously  in- 
creased deficit  financing.  During  the  post- 
war period  it  has  been  impossible  to  catch  up 
with  the  need  for  highways,  schools,  and  other 
public  improvements  because  of  the  demands 
of  increased  population,  increased  industrial 
activity,  and  increased  spending  power.  Thus 
the  conditions  favorable  to  the  application  of 
a  cyclical-budget  policy  have  not  come  into 
being. 

Refinancing 

Borrowing  for  refinancing  embraces  both 
refunding  and  conversion.  These  terms  are 
not  identical,  although  they  are  often  used 
interchangeably  without  distinction.  Gen- 
erally speaking,  refunding  is  the  postpone- 
ment of  debt  payment,  while  conversion  is  a 
reissuance  to  provide  for  different  (usually 
lower)  interest  rates  or  details  other  than 
the  postponement  of  debt  maturities.  Both 
refunding  and  conversion  may  be  combined  in 
a  single  operation,  called  by  either  name. 

The  necessity  to  refund  may  indicate  poor 
management  of  the  debt  or  the  occurrence  of 
an  unforeseen  emergency  that  threatens  to 
interfere  with  amortization  of  the  debt.  A 
general  easing  of  restrictions  on  refunding 
was  necessary  during  the  depression  to  lessen 
the  large  volume  of  defaults.  Conversion,  on 
the  other  hand,  is  usually  employed  to  reduce 
interest  rates,  with  a  resultant  saving  in  the 
costs  of  debt  service.  The  burden  of  public 
debt  was  not  greatly  reduced  by  conversion 
until  the  occurrence  of  unusually  low  inter- 
est rates  which  followed  the  depression  of 
the  early  1930's  and  still  persists.  This  situ- 
ation has  resulted  in  the  exchange  of  new 
securities  at  lower  interest  rates  for  out- 
standing obligations  by  many  corporations  and 
governmental  units. 

PRODUCTIVE   BORROWING  FOR 
HIGHWAYS 

The  photographs  illustrating  this  article 
demonstrate  current  activity  in  highway  build- 
ing financed  out  of  bond  issues.  The  pictures 
and  their  captions  speak  for  themselves  and 
for  the  States  that  have  undertaken  the  work, 
serving  as  indicators  of  progress  in  the  strug- 
gle for  adequate  highwaj  s.  Many  of  the 
photographs  appear  through  the  courtesy  of 
the  State  highway  departments. 

Of  the  four  justifiable  purposes  of  public 
borrowing  discussed  in  the  preceding  section, 
we  are  concerned  in  the  highway  field  chiefly 
with  the  second — borrowing  for  capital  im- 
provements ;  and  largely  as  a  corollary  of  this, 
with  the  first — borrowing  for  emergency  or  ir- 
regular expenditures.  The  road  and  street 
plant  is  in  such  a  condition  today  with  re- 
spect to  the  demands  of  traffic  upon  it  that 
in  many  States  a  program  of  extraordinary 
expenditures  is  needed.  The  financing 
through  bond  issues  of  such  an  emergency 
program  of  capital  outlays  is  thus  doubly 
justified. 
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User  Taxes  in  Relation  to  Credit 
Financing 

Because  of  the  practice  of  dedicating  road- 
user  tax  revenues  for  highway  purposes,  high- 
ways occupy  an  intermediate  position  between 
the  self-supporting  public  enterprises  and  en- 
tirely tax-supported  activities,  such  as  the 
schools.  This  is  particularly  true  of  State 
highways,  which  in  all  States  are  supported 
almost  entirely  by  State  highway-user  im- 
posts supplemented  with  Federal-aid  funds. 
Even  though  most  State  highway  bonds  are 
secured  by  the  full  faith  and  credit  of  the 
State,  the  interest  and  principal  payments 
on  State  highway  bonds  are  almost  univer- 
sally made  from  the  road-user  tax  receipts. 
It  is  therefore  appropriate  to  explore  the  im- 
plications of  viewing  highways,  or  at  least 
the  primary  highway  systems,  as  govern- 
mental enterprises  supported  by  charges  upon 
the  users.  Upon  this  basis  the  proposal  for 
improvement  by  credit  financing  of  a  system 
or  group  of  roads  would  be  just  i tin  1  if  the 
revenues  generated  or  "earned"  by  the  traf- 
fic on  the  particular  group  of  roads  will  be 
sufficient,  or  more  than  sufficient,  to  defray 
the  debt  service  charges  and  the  costs  of  main- 
tenance and  operation. 

The  idea  that  bonds  issued  to  finance  ar- 
terial highway  improvements  should  be  se- 
cured by  a  pledge  of  their  annual  earnings  in 
road-user  taxes  has  been  advanced  by  a  num- 
ber of  authorities  (13,  l'h  15).  In  calculating 
such  earnings  the  ordinary  procedure  is  to 
evaluate  the  traffic  on  a  given  road  or  group 
of  roads  in  terms  of  the  annual  amount  of 
motor-fuel  tax  revenues  generated,  by  the  use 
of  reasonable  values  of  miles  per  gallon  for 
the  different  types  and  sizes  of  vehicles  of 
which  the  traffic  is  composed.  To  this  may 
be  added  a  pro  rata  of  annual  registration 
fees  and  miscellaneous  motor-vehicle  receipts. 
Other  available  revenues,  including  Federal 


aid,  should  be  accounted  for  in  the  calcula- 
tions. 

Not  everyone  would  agree  that  the  earn- 
ings of  specific  highways  or  groups  of  high- 
ways should  be  pledged  to  the  service  of  bonds 
issued  for  their  improvement,  although  the 
more  generalized  dedication  of  road-user  tax 
revenues  for  debt  service  on  State  highway 
issues  is  the  common  practice.  Perhaps  a 
more  pertinent  procedure,  with  respect  to  any 
proposed  highway  bond  issue,  is  to  determine 
at  what  rate  of  user  taxation  (together  with 
other  available  revenues)  the  facilities  to  be 
improved  will  generate  sufficient  revenues  to 
pay  off  the  issue  and  provide  for  maintenanci 
and  operation. 

Highway   Toll   Facilities 

Toll  roads  and  bridges  are,  or  purport  to  be. 
supported  by  their  toll  revenues  plus  any 
additional  income,  such  as  receipts  from  coi 
cessions,  that  may  be  provided  for.  This 
being  the  case,  they  fall  into  the  category  of 
self-supporting  public  enterprises.  It  is  not 
intended  here  to  enter  into  the  controversy 
regarding  the  modern  toll-road  movement.  It 
may  be  noted,  however,  particularly  in  the 
case  of  toll  roads,  that  a  higher  rate  of  in- 
terest or,  to  be  more  exact,  a  higher  yield  i< 
generally  exacted  by  the  investors  than  in 
the  case  of  ordinary  highway  bond  issues. 
With  some  exceptions,  the  faith  and  credit  of 
the  State  is  not  pledged,  and  State  user-tax 
revenues  are  not  available  for  debt  sen 
With  the  toll  revenues  in  effect  the  only  seen 
rity,  an  element  of  greater  risk  is  recognized 
in  the  higher  yield. 

Conditions   Favorable   to   Bond 
Financing 

It  is  tin  accepted  principle  of  public  finance 
that  capital  outlays  for  replacements  and  to 
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meet  the  needs  of  normal  expansion  should  be 
mel  from  currenl  revenues  rather  than  from 
borrowing.  Capital  outlays  for  highways 
are  needed  each  year  to  replace  or  reconstruct 
worn  out  highways  and  to  provide  for  normal 
increases  in  traffic  Such  continuing  capital 
outlays  are  properly  a  current  expense,  like 
maintenance  and  administration,  and  should 
lie  provided  for  from  current  revenues.  Pro- 
longed contraction  or  interruption  of  this 
process  of  replacement  and  improvement. 
however,  will  inevitably  result  in  the  accumu- 
lation of  a  backlog  of  needed  construction.  If 
the  additional  expenditures  required  to 
remedy  the  accumulated  deficiencies  are  too 
great  to  he  provided  from  current  revenues 
within  a  reasonable  time,  the  situation  is  an 
emergency  warranting  resort  to  borrowing. 
Even  if  the  cost  can  be  met  by  a  long-term 
current-revenue  program,  shortening  the  time 
required  for  rehabilitation  and  moderniza- 
tion by  credit  financing  is  a  proper  and  justi- 
fiable use  of  public  credit,  provided  the  bene- 
fits from  earlier  improvement  are  at  least 
equal   to   the   interest  costs  incurred. 

It  is  needless  to  labor  the  point  that  we 
are  in  just  such  a  situation  today.  With  an 
accumulated  backlog  of  needed  improvements 
inherited  from  the  war  years  and  increasing 
each  year  with  the  mounting  demands  of  traf- 
fic, the  need  for  an  accelerated  highway  pro- 
gram is  recognized  in  almost  every  State. 
The  rate  of  highway  expenditure  can  be  ac- 
celerated by  an  increase  in  highway  taxes ; 
and  this  is  what  should  be  done  if  the  inten- 
tion is  simply  to  move  to  a  higher  level  of  nor- 
mal expenditures.  A  truly  accelerated  pro- 
gram, however,  contemplates  a  short  period 
of  abnormally  high  capital-outlay  expendi- 
tures, during  which  the  highway  plant  will 
progress  rapidly  toward  a  condition  of  ade- 
quacy. Such  a  program  can  best  be  financed 
by  a  bond  issue. 

The  advantages  to  be  derived  from  such 
an  accelerated  program  lie  in  the  reduction 
of  vehicular  operating  costs,  including  a  rea- 
sonable assignment  of  values  to  time  costs, 
of  accidents  and  their  costs,  and  of  the  strains 
and  discomforts  of  driving  over  inadequate 
highways.  Since  all  of  these  benefits  will 
be  realized  at  earlier  dates  under  an  accele- 
rated program,  their  accumulated  values  over 
a  given  time  will  be  much  greater  than  under 
a  long-term  current  revenue  program. 

The  design  of  a  highway  improvement  pro- 
gram should  be  selective.  Credit  financing 
is  best  adapted  to  facilities  having  a  rela- 
tively long  investment  life.  For  that  reason, 
and  also  because  of  the  urgency  of  need, 
it  is  natural  to  plan  first  for  the  use  of  bond 
issues  in  the  construction  of  arterial  improve- 
ments, both  rural  and  urban.  Close  study, 
however,  may  reveal  that  the  improvement 
of  other  systems  may  advantageously  be  fi- 
nanced out   of  bond  issues. 

Credit  Versus  Pay  as  You  Go 

The  choice  between  credit  financing  and 
"pay-as-you-go"  (which  may  well  be  called 
"pay-before-you-go")  is  essentially  a  choice  as 
to  the  rapidity  with  which  the  desired  capital 
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Table  1. — Bond-issue  proposal  for  the  State  of  Ohio 


Program  period: 

nary  1,  1953,  to  December  31,  1972;  bonds  issued  in  10  equal  annual  installments,  starting  July  1,  1953,  and 
retired  in  10  equal  annual  payments  starting  July  1,  1963. 

State  system  10-year  program  cost $1,838,560,000 

omplishments  in  Dec.  31,  1952 100,000.000 

Net  total  program  cost 1,738,560,000 

Net  annual  requirements,  state  system 173,856,000 

Evaluation  of  required  bond  issue  for  State  systems: 
B=amount  of  required  bond  issue. 

E=required  annual  expenditure,  exclusive  of  interest  on  bond  issue=$173,856,000. 
i  =  annual  interest  rate,  assumed  at  2  percent. 
7=average  annual  interest  payment,  1953  -62=-i'=0.01B. 
i?=average  annual  revenues  available=$119,249,000. 
i?+— =average  annual  income,  1953-62. 
E+I=  required  average  annual  expenditure  .  19' 
B+i=E+I. 

Substituting,  $119,249,000+— ^=$173,856,000-|-0.01B. 

Thus,  £=$G0.i,744,000=required  bond  issue. 

Transactions  of  second  10  years,  1963-72: 

Average  annual  expenditures,  exclusive  of  debt  service,  1963-72 61,  903,  000 

Annual  retirements 60,674,000 

Average  annual  interest  requirements              6,  067,000 

Average  total  requirements 128,649,000 

Average  annual  revenues  for  State  systems,  1963-72 135,745,000 

7,096,000 


Average  annual  surplus. 


1  Source:  Bertram  H.  Lindman,  Hupplcmrni.il   !  mid  Financing  for  Acceleration  o  Jhe  Ohio  Highway  Program, 
March  1951  (prepared  for  the  Ohio  Program  Commission),  p.  28. 


improvements  will  be  made.  The  increased 
costs,  if  any,  of  credit  financing  must  be 
weighed  against  the  benefits  that  will  be  de- 
rived from  earlier  completion  of  the  project 
or  program.  As  Howard  (9)  puts  it:  "One 
misstatement,  repeated  again  and  again,  is 
that  in  return  for  the  principal  only,  the  Gov- 
ernment pays  back  the  principal  plus  interest. 
This  is  a  reprehensibly  incomplete  statement 
of  the  facts.  The  Government  obtains  the 
principal  at  the  beginning  of  the  transaction, 
plus  the  use  of  other  people's  money  through- 
out the  term  of  the  bonds,  in  return  for  which 
it  pays  the  interest  during  the  period  of  the 
loan  plus  the  principal  at  the  end  of  the  term. 
The  use  of  other  people's  money  is  as  valu- 
able as,  or  presumably  more  valuable  than, 
the  interest  paid  for  that  use ;  otherwise  the 
money  would  not  be  borrowed." 

Credit  financing  does  not,  however,  inevi- 
tably increase  the  cost  to  the  governmental 
unit  (and  therefore  to  the  taxpayers)  by  the 
amount  of  the  interest  costs  incurred.  Under 
a  "pay-as-you-go"  program  of  highway  im- 
provement extending  over  a  long  period  of 
time,  some  sections  of  road  will  require  tem- 
porary or  stop-gap  improvements  while  await- 
ing final  improvement  to  the  desired  stand- 
ards. An  accelerated  program  of  improve- 
ment made  possible  by  borrowing  may,  under 
certain  conditions,  reduce  the  amount  of  stop- 
gap and  temporary  improvements  enough  to 
offset  part  or  all  of  the  interest  cost. 

Bertram  H.  Lindman,  who  acted  as  con- 
sultant to  the  Ohio  highway  fiscal  and  tax 
study  in  1950-51,  suggested  the  possibility 
that  the  20-year  highway  improvement  pro- 
gram recommended  for  all  roads  and  streets 
in  that  State  could  be  modified  by  introducing 
a  10-year  bond-issue  program  for  the  State 


A  and  B  systems  (rural  and  urban)  and  re- 
tiring the  issue  during  the  second  10  years, 
without  increasing  the  annual  revenue  re- 
quirements of  the  total  road  and  street  pro- 
gram. At  Mr.  Lindman's  request,  calculations 
were  made  at  the  Bureau  of  Public  Roads  to 
test  the  idea ;  and  these  calculations,  subject 
to  the  soundness  of  the  given  data,  confirmed 
the  validity  of  his  suggestion.  His  findings 
and  the  supporting  calculations  were  subse- 
quently published  by  the  Ohio  Department  of 
Highways  (16). 

A  key  figure  in  the  analysis  was  supplied 
by  the  engineering  consultants  for  the  Ohio 
highway  needs  study,  who  estimated  that  the 
annual  requirements  (construction,  mainte- 
nance, and  administration)  of  the  State  A 
and  B  systems,  which  would  amount  to  nearly 
$184  million  during  the  10-year  bond-issue 
program,  would  drop  to  less  than  $62  million 
during  the  second  10  years.  Table  1,  taken 
from  the  Lindman  bulletin,  gives  the  essen- 
tial steps  in  the  calculations  made  in  connec- 
tion with  this  unusual  proposal.  It  will  be 
observed  that  a  bond  issue  of  about  $007  mil- 
lion is  required ;  and  that  it  is  retired,  with 
interest  at  2  percent,  during  the  second  10- 
year  period,  with  a  $7-million  average  an- 
nual surplus  of  revenues  over  requirements. 

The  Ohio  calculations  illustrate  one  of  the 
possible  dangers  of  too-great  reliance  on 
credit  financing.  The  greatly  accelerated  pro- 
gram would  produce  a  profound  lull  in  con- 
struction activities  in  the  second  10  years, 
during  which  replacement  needs  would  very 
slowly  accumulate.  Such  a  great  disconti- 
nuity in  construction  activity  might  be  ob- 
jected to  on  the  ground  that  it  would  disrupt 
both  the  staff  of  the  State  Department  of 
Highways  and  the  contractors'  organizations. 
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HISTORICAL  BACKGROUND  : 

Iii  America  the  earliest  public  borrowing 
was  done  by  the  English  colonial  governments. 
These  loans  were  primarily  to  provide  funds 
for  current  expenses  and  to  supply  a  circulat- 
ing medium.  Borrowings  to  obtain  turn  Is  for 
capital  outlays  were  of  minor  importance. 
During  and  after  the  Revolution  the  State 
governments,  successors  to  the  colonial  gov- 
ernments, borrowed  for  both  war  and  civil 
current  expenses.  After  ratification  of  the 
Constitution  and  the  establishment  of  the 
Federal  Government  the  States  discontinued 
further  borrowing  and,  although  a  few  States 
negotiated  bank  loans  during  the  War  of  1812, 
large-scale  borrowing  was  not  begun  until  the 

ISL'd's. 

Early   Borrowing  for   Internal 
Improvements 

The  early  State  debts  were  almost  entirely 
in  the  form  of  paper  money  and  eenifi/ates. 
Many  were,  in  effect,  forced  loans.  With  the 
advent  of  borrowing  for  internal  improve- 
ments in  the  1820's,  State  bonds  made  their 
appearance  in  the  investment  market,  mark- 
ing the  beginning  of  State  debts  as  they  are 
known  today.  State  borrowings  for  perma- 
nent improvements  began  in  this  country  some 
time  after  1820 ;  and  by  183S  the  States  had 
issued  $175  million  of  bonds  to  construct  or 


2  Much   of   the   historical   background  cited    here 
was  obtained   from   references   11,   11.    IS,  and   19. 


subsidize  canals,  turnpikes,  railroads,  bank- 
ing, and  other  ventures,  of  which  about  $10 
million  were  for  turnpikes. 

The  panic  of  1837  brought  an  abrupt  end  to 
the  States'  borrowing  for  such  internal  im- 
provements and  in  the  early  1840's  nine  States 
(Arkansas,  Florida,  Illinois,  Indiana,  Louisi- 
ana. Maryland,  Michigan,  Mississippi,  and 
Pennsylvania)  defaulted  and  four  others 
(Alabama,  New  York,  Ohio,  and  Tennessee) 
barely  avoided  it.  Previous  to  1840  no  State 
constitution  limited  the  debt  which  the  legis- 
lature might  incur,  but  the  crisis  years  of  the 
1840's  brought  about  a  natural  and  expected 
reaction  and,  by  1857,  19  States  had  adopted 
constitutional  limitations  on  borrowing. 
These  amendments  were  part  of  a  general 
movement  by  the  voters  to  withdraw  some  of 
the  powers  liberally  granted  to  legislatures  by 
early  constitutions.  Debt  limits  were  usually 
included  in  the  constitutions  of  States  ad- 
mitted to  the  Union  after  the  Civil  War. 

Renewed  demands  for  State  aid  to  internal 
improvements  accompanied  the  improvement 
in  business  conditions  and  the  recovery  of 
State  credit,  and  a  second,  but  smaller,  bor- 
rowing boom  was  under  way  by  1850.  During 
this  period  none  of  the  States  which  defaulted 
in  the  1840's  participated;  only  Southern  and 
Western  States  (and  New  York)  borrowed; 
borrowing  was  largely  for  railroads;  and  the 
borrowing  was  slower  and  more  cautious  than 
in  the  1820's  and  1830's.  Except  to  issue 
bonds  for  war  purposes  during  the  Civil  War, 
the  States  borrowed  little  during  the  re- 
mainder of  the  nineteenth  century.  By  1S00 
only  a  little  over  $12  million  of  State  highway 
bonds  had  been  issued.  Beginning  in  1890 
Idaho  had  issued  about  $200,000,  and  Massa- 
chusetts, beginning  in  1893,  had  issued  the 
remainder.  By  1912  the  States  had  issued 
$67  million  of  highway  bonds. 

Historical  data  concerned  with  the  borrow- 
ing habits  of  the  counties  and  other  local 


rural  units  for  highway  purposes  are  not 
readily  available.  It  has  been  estimated  that 
in  1870  the  counties  had  a  total  net  debt  out- 
standing of  $188  million.  It  is  believed  that 
very  little  of  this  debt  was  for  highway  pur- 
poses. As  nearly  as  can  be  estimated  these 
units  had  highway  bonds  of  approximately 
$10  million  outstanding  at  the  turn  of  the 
century.  They  increased  their  rate  of  bor- 
rowing rapidly,  and  by  the  end  of  1912  had 
issued  approximately  $200  million  in  highway 
bonds. 

The  urban  units  of  the  United  States,  as 
nearly  as  can  be  ascertained,  entered  the  cred- 
it financing  field  around  1830.  By  1S40  it  has 
been  estimated  that  the  total  municipal  in- 
debtedness for  all  purposes  was  $20  million. 
Municipal  debt  mounted  rapidly  through  the 
next  two  decades  and  by  1S60  was  estimated 
at  $200  million. 

The  decade  following  the  Civil  War  was  nn 
era  of  great  industrial  expansion  and  the 
urban  units  borrowed  heavily  to  finance  var- 
ious enterprises  in  an  effort  to  keep  pace  with 
private  enterprise.  They  subscribed  freely 
for  railroad  stock  and  borrowed  on  a  large 
scale  for  paving,  sewer,  and  water-supply 
improvement.  By  1880  the  urban  units  were  in 
debt  to  the  tune  of  $725  million — three  times 
that  of  the  States.  How  much  of  this  in- 
debtedness was  incurred  for  street  purposes  is 
unknown,  but  it  was  undoubtedly  a  fairly  sub- 
stantial amount. 

Borrowing  for   Highways 

The  advent  of  the  motor  vehicle  brought  a 
demand  in  the  early  part  of  the  twentieth 
century  for  improved  roads  on  which  to  use 
this  form  of  personal  transportation.  Im- 
proved highways,  in  turn,  increased  the  de- 
mand for  private  motor  vehicles  and  per- 
mitted development  of  the  motor-vehicle 
transportation  industry.  Thus,  the  motor  ve- 
hicle and  the  highway  on  which  to  operate  it 
are  complementary  and  development  of  each 
increases  the  demand  for  the  other. 

Borrowing  for  State  highways  since  1921 
has  been  characterized  by  two  periods  of  rela- 
tively large-scale  activity.  The  first  coincided 
with  the  large  road-building  program  of  the 
]920's  when  many  States  borrowed  heavily  for 
original  State  highway  construction  or  as- 
sumed large  debts  of  counties  and  other  local 
governmental  units  in  return  for  roads  in- 
corporated into  the  State  system.  The  de- 
pression and  war  periods  saw  a  lessening  of 
borrowing,  although  during  the  early  1930's 
further  State  assumption  of  local  debt,  and 
revenue  bonds  used  to  finance  the  construc- 
tion of  large  toll  facilities,  raised  the  total 
outstanding  debt  for  State  highways  in  1938 
to  what  remained  an  all-time  height  until 
1951.  Borrowing  since  1946  has  resumed  the 
same  upward  trend  exhibited  during  the 
1920's. 

Relation   to   State  Construction 

The  relation  of  State  borrowing  to  the  total 
State    highway    construction    program    since 
Construction   of   the   airport   interchange   in   Maryland:  Haltimore-Washington  Expressway.         l020  is  shown   in  table  2  ami   figure  1,  which 
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Figure  1. — Cost  of  State  highway  construction  analyzed  by  source  of  funds,  1920—50. 


depict  three  sources  of  revenue  principally 
used  for  State  construction :  proceeds  of 
bonds,  Federal-aid,  and  current  State  funds. 

Table  2. — Source  of  construction  funds  for 
Stale  highways,  1920-50  * 


Total 

Construc- 

Federal 

Current 

construc- 

■^ ear 

tion  bonds 

funds 

funds  used 

tion 

issued  2 

received 

expendi- 

tures 

1,000 

1,000 

1,000 

1,000 

dollars 

dollars 

dollars 

dollars 

1920 

36,  C07 

61, 966 

141,767 

240. 340 

1921 

139,915 

77,741 

82, 953 

300, 609 

1922 

96, 802 

79,  741 

110,918 

287,  461 

1923 

98. 167 

73, 308 

108,  518 

279,  993 

1924 

107, 398 

92,  970 

197,280 

397,  648 

1925 

120  672 

92, 343 

190,  828 

403,  843 

1926.... 

142,684 

79, 163 

144, 164 

366,011 

1927 

106,  229 

80, 160 

232, 431 

418,  820 

1928 

142.  338 

81, 252 

334.  891 

558,  481 

1929 

197.434 

77, 952 

301),  089 

575, 475 

L930  .    _ 

179,  252 

94,111 

455,  524 

728,  887 

1931 

242,  974 

218, 383 

335, 545 

796,  902 

1932 

98, 197 

138,857 

332,  457 

569,511 

1933 

97,919 

223, 586 

205,  507 

527,012 

1934.... 

66,583 

351,812 

158,  974 

580,  369 

109, 828 

219, 381 

109, 097 

438, 306 

. 

115,263 

346, 281 

140.216 

631,760 

124,654 

245, 749 

218,  839 

589,  242 

1938     .. 

97, 767 

189,908 

270,  704 

558, 379 

1939      . 

75,  552 

202,  714 

221,847 

500,113 

1940 

102, 119 

185, 192 

269, 820 

557, 131 

1941     ._ 

30,641 

100,  526 

334,  006 

525,  233 

1942.   . 

20.  475 

136,266 

211,953 

401,694 

1943     .. 

is,  160 

119,254 

131,281 

268.  695 

1944     .. 

3, 000 

77, 379 

129,919 

210,328 

1945 

6,  500 

53, 145 

150,822 

210, 467 

1946     .. 

'    51, 

139,025 

311,913 

502,  316 

1947     .. 

79,917 

262, 474 

539, 960 

882,351 

1948    .. 

205, 932 

324,  802 

547,940 

1,138,C74 

248, 937 

377,  943 

735,  070 

1,301,95(1 

397, 569 

385, 191 

751,099 

1,  533,  859 

'  Adapted  from  Public  Roads  tables  SF-201.SF-202  SF-3 
and  SB-202. 

''  Includes  bonds  of  the  local  units  which  were  assumed 
by  the  States  in  the  same  year  the  bonds  were  issued. 


This  is  not  the  whole  story,  however,  as  the 
current  funds  in  the  earlier  years  include 
contributions  from  the  counties  and  other 
local  units,  largely  from  their  own  bond  is- 
sues, for  State  highway  construction. 

Throughout  the  period  from  1921  to  1930 
proceeds  of  bonds  contributed  from  25  to  47 
percent  of  all  State  construction  funds.  For 
the  10-year  period  bond  proceeds  amounted 
to  31  percent  of  aggregate  funds  expended  for 
construction.  In  several  States  more  than 
half  of  all  construction  funds  represented 
bond  issues.  For  example,  in  North  Caro- 
lina the  entire  State  highway  development 
program  was  based  on  a  bond  authorization 
of  $115  million.  This  program  resulted  in 
the  modernization  of  the  State's  highway 
system  in  the  decade  ending  in  1930  when 
3,500  miles  of  road  were  paved  for  the  first 
time.  The  bonds  issued  were  backed  by  the 
full  faith  and  credit  of  the  State  and  ac- 
counted for  70  percent  of  all  money  expended 
on  highway  construction  during  the  decade. 

Similarly,  Illinois  and  Missouri  utilized  pro- 
ductive borrowing  to  accelerate  their  high- 
way-development programs.  In  Illinois  two 
bond  authorizations  totaling  $160  million 
contributed  60  percent  of  all  construction 
funds  from  1921  to  1930.  Missouri  borrowed 
$135  million  in  a  similar  period  and  greatly 
accelerated  its  highway  development.  Nu- 
merous other  States  issued  bonds  during  this 
period,  and  still  others  utilized  the  credit 
of  the  counties  and  other  local  units  in  the 
construction  of  what  became  their  State  high- 
way systems. 

The  decade  from  1931  to  1940  produced 
borrowing    at    a    slightly    lesser    rate,    even 
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though  there  were  large  assumptions  of  local 
debt  and  huge  revenue  issues  for  such  facili- 
ties as  the  San  Francisco  bridges  and  the 
Port  of  New  York  Authority's  bridge  and  tun 
nel  program  during  this  period.  Federal  aid 
assumed  a  dominant  role  in  financing  during 
the  depression  years  with  increased  authori 
zation  for  work  programs.  During  the  periodl 
1931-40,  Federal  funds  accounted  for  40  per- 
cent  of  all  construction  moneys  while  bondj 
proceeds  contributed  one-fifth  of  all  construc- 
tion funds. 

From  1941  to  1950,  there  were  two  con- 
trasting developments — the  cessation  of  nor- 
mal highway  construction  during  World  Wat 
II ;  and  the  postwar  construction  boom,  char- 
acterized by  a  rapid  increase  in  highway  bor 
rowing. 

The  fact  that  borrowings  were  used  exten 
sively  in  meeting  the  urgent  and  vociferou 
demand  for  improved  roads  that  permittee 
and  accompanied  the  development  of  motor 
vehicle  transportation  is  not  surprising.  Pub 
lie  revenues  from  traditional  sources,  prin 
cipally  the  property  tax,  were  not  capable  o] 
expanding  rapidly  to  meet  the  demands  of  this1 
new  form  of  transportation,  and  the  newlj 
adopted  highway-user  taxes  could  develop  a 
an  important  source  of  revenue  only  as  iin 
proved  highways  permitted  realization  of  th< 
increasing  desire  for  motor-vehicle  ownershij 
and  use.  There  is  no  doubt  that  the  judicious 
use  of  credit  financing  during  the  early  periot 
of  modern  highway  transportation  not  onlj 
resulted  in  savings  to  vehicle  operators 
through  reduced  operating  costs,  but  also  ac 
celerated  the  growth  of  highway  transports 
tion.    Quoting  Edna  Trull  (20)  :  "There  was 
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dequate  justification,  moreover,  for  this  type 
f  financing.  The  immediate  benefits  of  fa- 
ilitating  communications  and  providing 
t:onoinies  in  transportation  were  obvious,  and 
le  improvements  were  expected  to  have  long- 
;rm  value." 

Total  Borrowing  for  Highways 

Figure  2  shows  the  sale  of  bonds  for  high- 
way purposes  by  the  States  and  by  the  coun- 
ies  and  other  local  rural  units  in  each  5-year 
eriod  from  1901  to  1950.  Table  3  gives  the 
mounts  of  State  highway  bonds  and  of  local 
ural  highway  bonds  issued  in  each  year  from 
901  through  1950. 

Similar  information  is  not  available  for 
ie  incorporated  places:  Street  finance  data 
'ere  not  compiled  in  segregated  form  until 
tie  mid-1930's  when  the  highway  planning 
urveys  in  the  various  States  started  collect- 
ig  such  information.  The  net  street  debt  of 
ie  urban  units,  as  reported  in    the    fiscal 
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Figure  2. — Highway  bonds  issued  by  the  States  and  local   rural  units,   1901- 
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["able  3. — Highway  bonds  issued  by  the  States 
and  local  rural  units,  1901-50  a 


State  highway  bonds 

Highway 
issued  by 

Year 

Reim- 

counties, 

Original 

bursement 

Total 

towns. 

issues 

obligations 

townships, 

assumed 

etc. 

1,000 

1,000 

1,000 

1,000 

dollars 

dollars 

dollars 

dollars 

1901-.. . 

350 

350 

2,  245 

1902.-- 

900 

900 

1,947 

1903 

605 

605 

3,  441 

1904 

450 

450 

4,638 

1905 

450 

450 

3,914 

1906— 

1,036 

1,036 

2,996 

1907— 

2,042 

2,042 

6,650 

1908— 

6,095 

6, 095 

9,124 

1909 

7,185 

7, 185 

21,970 

1910.... 

6,846 

6,846 

11.367 

1911 

14.214 

14,214 

18,541 

1912 

13,  366 

1.3,366 

22,  672 

1913..- 

28,  759 

28,  759 

35,  965 

1914.... 

11,684 

11,684 

44,285 

1915.... 

25, 319 

25,  319 

53,  513 

1916— 

4,809 

4,809 

79, 731 

1917.. .. 

20,  835 

38 

20, 873 

58,170 

1918 

7,029 

54 

7,083 

35,  299 

1919 

32, 939 

683 

33, 622 

227.  K'.i2 

1920— 

33.  77S 

3,894 

37,672 

128, 861 

1921 

130, 393 

20,  234 

1 50,  627 

223, 446 

1922.... 

Ml.(P.-,U 

18, 164 

104.  214 

182, 626 

1923 

90, 636 

14,986 

105,  622 

143.  543 

1924 

97.  935 

27, 062 

124,997 

157. 089 

1925 

117,905 

5,174 

123,  079 

167.211 

1926.. _ _ 

138,121 

31,706 

169, 827 

184,  723 

1927. ... 

!'2.VMi 

92.  nil 

185, 050 

191,851 

1928... _ 

118, 352 

25,  476 

143,828 

169, 361 

1929 

175, 048 

114, 170 

289, 218 

123,429 

1930 

147, 964 

32,  301 

180, 265 

105,  318 

1931. ... 

227, 477 

123,  729 

351,206 

92,511 

1932 

95,015 

107,891 

202, 906 

62,717 

1933 

96,  279 

26,539 

122,818 

17,  582 

1934 

66,  283 

3,592 

69,  875 

38, 179 

1935... . 

99, 269 

12, 129 

111,398 

38, 679 

1936 

136,717 

10,013 

146, 730 

49,  486 

1937 

110,771 

18,  625 

129, 396 

46,  722 

1938.. __ 

93, 101 

13, 989 

107, 090 

49,  010 

1939 

73,314 

3,  560 

76, 874 

34,  548 

1940 

100, 884 

8,190 

109,074 

20, 090 

1941 

29, 709 

4,456 

34,165 

31,401 

1942 

20, 475 

3,970 

24,445 

18, 861 

1943.... 

18, 160 

5,419 

23,  579 

5,536 

1944 

3,000 

37 

3,  037 

5,  S'.l'-' 

1945 

6,500 

4,397 

10, 897 

22, 184 

1946— 

51,378 

3, 150 

54,  528 

49,  207 

1947- .. 

78,  550 

1,486 

80,  036 

106, 197 

1948 

265, 614 

2,458 

268,072 

85, 826 

1949..  __ 

248, 537 

5,525 

254,  062 

98,  559 

1950 

396, 101 

4,023 

400, 127 

104,  342 

'  Eefun 

ding  bonds  i 

lot  included 
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studies  prepared  by  the  highway  planning  sur- 
veys, amounted  to  $1.5  billion  in  1935.  By 
1945  the  gross  street  debt  outstanding  was  es- 
timated to  be  $1.2  billion.  Since  that  time 
it  has  increased  until  at  the  end  of  1950  it  is 
estimated  to  have  again  reached  $1.5  billion. 

The  accumulated  borrowings  from  1901  to 
the  end  of  each  5-year  period  are  also  in- 
dicated in  figure  2.  The  outstanding  debt, 
which  is  not  shown  on  the  chart,  is  much  less 
than  the  accumulated  borrowings,  of  course. 
At  the  end  of  1950,  the  outstanding  highway 
debt  of  the  States  was  $2,141  million  and  that 
of  the  counties  and  other  local  rural  units  was 
$904  million.  Despite  heavy  borrowings  dur- 
ing 1946-50,  the  outstanding  State  debt  is  less 
than  half  the  total  amount  issued  since  1900, 
and  outstanding  debt  of  the  counties  and  other 
local  rural  units  is  but  little  more  than  one- 
fourth  of  the  total  amount  issued  since  1900. 

It  is  not  surprising  that  the  ratio  between 
the  debt  outstanding  at  the  end  of  1950  and 
the  total  debt  issued  since  1900  is  smaller  in 
the  case  of  the  counties  and  other  local  rural 
units  than  in  the  case  of  the  States.  The  bulk 
of  the  county  debt  was  incurred  earlier  than 
was  the  bulk  of  the  State  debt  and,  therefore, 
much  more  of  it  has  matured  and  been  re- 
tired. It  is  of  interest  to  note  that  the  two 
cumulative  curves  cross  in  the  mid-1930's. 
During  the  early  years  county  and  local  issues 
dominated  the  field,  and  only  gradually  gave 
ground  to  the  mounting  total  of  State  highway 
bond  issues. 

Reimbursement   Obligations 

During  the  early  years  of  highway  develop- 
ment, the  counties  and  other  local  rural  units 
borrowed  both  for  local  roads  under  their 
jurisdiction  and  for  intercommunity  roads 
which  were  then,  or  later  became,  State  high- 
ways. As  State  highway  departments  were 
created  and  the  States  assumed  more  financial 
responsibility  for  the  more  important  through 


highways,  State  borrowings  increased.  Also, 
some  States  undertook  to  reimburse  the  local 
units  for  their  contributions  to  the  cost  of 
State  highways.  These  pledges  or  reimburse- 
ment obligations  are  segregated  from  State 
bond  issues  in  figure  2. 

In  general,  reimbursement  obligations  are 
of  two  kinds:  pledges  by  the  State  to  pay 
principal  and/or  interest  charges  on  local  road 
obligations  issued  for  State  highways;  and 
pledges  by  the  State  to  refund  to  the  local 
road  authorities  certain  specified  amounts 
over  a  period  of  years.  The  circumstances 
surrounding  the  assumption  of  reimbursement 
obligations  vary  from  State  to  State.  In 
some  States — among  them  Iowa,  Minnesota, 
South  Carolina,  and  Wisconsin — the  counties 
were  encouraged  to  issue  bonds  and  turn  the 
proceeds  over  to  the  State  with  the  under- 
standing that  the  State  would  provide  funds 
for  the  payment  of  principal  or  principal  and 
interest  on  the  bonds.  The  State  thus  used 
the  credit  of  the  local  governments  to  borrow 
for  State  highways.  This  practice  was  fol- 
lowed in  Iowa  as  late  as  1941  and  is  still  fol- 
lowed in  Wisconsin.  Neither  of  these  States 
has  any  direct  State  debt  for  highways. 

In  other  States — as  in  Arkansas,  Kansas, 
and  Texas — no  commitment  was  made,  at  the 
time  of  the  local  contribution,  to  reimburse 
the  local  units,  but  later  the  State  assumed 
this  obligation.  In  some  other  States,  among 
them  Tennessee,  the  circumstances  leading  to 
the  assumption  of  reimbursement  obligations 
partook  of  both  of  the  situations  described 
above.  In  almost  all  cases,  reimbursement 
obligations  stem  from  inability  or  reluctance 
on  the  part  of  the  State  to  assume  complete 
financial  responsibility  for  main  highways 
during  the  early  days  of  highway  develop- 
ment, or  to  incur  debt.  In  some  cases  the 
actual  assumption  of  reimbursement  debt  was 
spurred  on  by  the  economic  plight  of  local 
governments  during  the  early  1930's.  Al- 
though during  the  last  two  decades  the  States 
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Figure  3. — Borrowings  for  passenger  cars  and  for  highways. 


have  assumed  the  dominant  role  in  borrowing 
for  rural  roads,  both  State  and  local  borrow- 
ings played  an  important  part  in  the  early 
years  of  highway  development  by  helping  to 
meet  the  emergency  created  by  the  demands 
of  the  rapidly  growing  motor-vehicle  trans- 
portation industry  for  better  roads. 

Need  for   Modernization 

The  years  since  the  end  of  World  War  II 
have  brought  many  problems  similar  to  those 
encountered  during  the  early  years  of  high- 
way development. 

The  drastic  curtailment  of  construction  and 
the  reduction,  because  of  increasing  price 
levels,  in  the  effectiveness  of  maintenance  ex- 
penditures during  the  years  of  World  War  II 
did  much  to  hasten  the  deterioration  and  ob- 
solescence  of  our  highway  systems.  The  de- 
mand for  motor-vehicle  transportation,  frus- 
trated during  the  war  years,  appears  to  be  far 
from  satiation.  Motor-vehicle  registrations 
and  use  are  now  increasing  rapidly.  Expen- 
sive highway  improvements  are  urgently 
needed  to  serve  the  increasing  traffic.  Un- 
fortunately, the  vehement  demands  of  high- 


way users  for  highway  improvement  and  mod- 
ernization are  not  always  matched  by  their 
willingness  to  pay  for  the  improvements 
through  increased  taxes. 

The  magnitude  of  the  problem  facing  the 
highway  administrator  is  indicated  by  the 
estimate  that  the  1950  rate  of  construction 
was  roughly  60  percent  of  the  rate  required  to 
meet  total  highway  needs  over  a  15-year  pe- 
riod (21). 

Much  has  been  accomplished  in  spite  of  tha 
skyrocketing  costs  of  construction  and  main- 
tenance. Maintenance,  administration,  gen- 
eral overhead  costs  (including  that  of  high- 
way police),  and  interest  have  taken  almost 
50  percent  of  the  $16%  billion  of  current  rev- 
enues available  for  highway  purposes  in  the 
period  1946-50,  with  maintenance  alone  re- 
quiring 37  percent. 

It  is  true  that  revenues  have  increased  tre- 
mendously in  recent  years,  but  the  increase 
has  not  been  proportionate  to  the  combina- 
tion of  offsetting  factors — increased  registra- 
tions, increased  travel,  and  increases  in  con- 
struction and  maintenance  costs.  *The  lack 
of  sufficient  revenue  is  partially  caused  by 
the  inflexibility  of  the  highway-user  tax  struc- 


Table  I. — Total  highway  bonds  issued  and  outstanding,  and  installment  credit  on  passenger 
cars  extended   and   outstanding,    1946-50 


Year 

Installment 
credit  extended 

mi  new  and 
used  passenger 

cars  during 
year  ' 

Total  high- 
way bonds 
issued  dur- 
ing year 

fnstallmenl 
a  dit  out- 
standing at 
end  of  year  on 
new  and  u:  ed 
passenger  curs  i 

Total  highway 
debt  outstand- 
ing at  end 
of  year 

1946 

Million  dollars 

1 ,  535 

2.  951 
4,  277 

7,310 

Million 

dollars 

168 

308 

475 

701 

Million  dollars 
878 
1,733 
2,  757 

5,440 

Million  dollars 
3,  615 

•■ 
3.899 
4,215 
4,557 

1947 

1949 

1950 

eral  Reserve  System,  quoted  in  And. mobile  Facts  and 


ture.  To  be  sure,  revenues  increase  as  regis- 
trations and  travel  increase  and  gasoline  taxes 
have  been  raised  in  a  number  of  States ;  but 
the  increase  in  revenues  has  not  kept  pace 
with  the  increase  in  highway  costs.  For  ex- 
ample, from  1940  to  1950  gasoline-tax  rates 
increased  only  12.7  percent ;  yet  during  the 
same  period  unit  prices  for  road  construction 
increased  97  percent  and  those  for  mainte- 
nance 87  percent.  A  drastic  increase  in  road- 
user  taxes  is  not  necessarily  the  best  remedy. 
Many  highway  administrators  are  finding  that 
resort  to  credit  financing,  together  with  the 
assurance  of  highway  revenues  adequate  to 
service  the  debt  and  meet  other  highway  needs, 
offers  an  advantageous  solution  to  their  most 
pressing  highway  problems. 

Credit   Financing   of   Motor    Vehicles 
and   Highways   Compared 

A  rather  interesting,  although  unorthodox, 
comparison  can  be  made  between  highway 
bond  financing  and  the  use  of  installment 
credit  to  finance  the  rolling  stock  of  our  high- 
way transportation  system.  The  value  of 
new  and  used  vehicles  sold  in  1948  exceeded 
$14  billion,  of  which  new  and  used  passenger 
cars  accounted  for  more  than  $12  billion.  It 
is  reported  that  39  percent  of  all  new  and  used 
car  sales  in  1948  involved  credit  transactions. 
and  that  the  volume  of  installment  credit  was 
nearly  $4.3  billion.  In  1950  the  volume  of  in- 
stallment credit  was  $7.3  billion.  In  table  4 
and  figure  3  the  amount  of  installment  credit 
extended  on  the  sales  of  new  and  used  passen- 
ger cars  and  the  amount  outstanding  at  the 
end  of  the  year  are  compared  with  the  total 
state,  county,  and  municipal  long-term  high- 
way obligations  issued  and  outstanding,  for 
the  postwar  years  1946-50. 

Although  the  comparison  of  short-term  in- 
stallment credit  with  long-term  highway  debt 
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Table    5. — The    Bond    Buyer's    index   of   the 
municipal  bond  market  (20  bonds) 


Year 

llldi'X  01 

>  ield  i 

Year 

Index  of 

yield  ' 

iyoo 

:   25 
3.  in 

;    [8 
3.30 

:   m 
;   is 

3.  53 

1.67 
3  s; 
3  76 
3.91 

3.98 
4.01 

I   15 

4.  16 
4.26 

1   us 
1  62 

3.92 
1.41 

4.  56 

5.06 
I  38 
4.  16 
4.37 
4.  16 

1926  _. 

4.23 

4.13 
3.87 

4.  17 
4.23 

4.12 
4.87 
4.61 
5.48 
3.81 

3.  25 
2.62 
3.16 

2.78 
2.59 

2.14 
2.24 
2.  17 

1.77 
1.62 

1.42 
1.85 

2.36 
2.  19 
2.07 
1.66 

1901 

1927 

L902 

L928 

1903.-- 

1929  - 

1904         .     ..- 

1930 

1905 

1931     - 

1906-..- 

1932  .. 

1907- 

1933  .. 

190S 

1934 

1909 

1935  .. 

1910 

1936.-- 

1911 

1937  -- 

1912 

1913 

1914 

1938 

1939 .. 

1940  -. 

1915 

1941 

1916- 

1942  .- 

1917 

I'd.; 

1918 

1944.-. 

1945 

1946 

1947. _ 

1948 

1949... 

1950 

1919 

1920 -. 

1921-- 

1922  

-    1923 

1924 

1925 

1951 •_— . 

1900  1910  1920  1930  1940  1950 

Figure  4. — The  Bond  Buyer's  index  of  the  municipal  bond  market. 


1  The  yield  is  the  average  for  the  year  for  the  years  1904-14, 
as  of  the  first  of  January  for  the  years  1915-45.  and  as  of  the 
first  Thursday  of  January  for  the  years  1946-51. 


is  somewhat  defective,  it  does  point  up  the 
tremendous  relative  volume  of  financial  ac- 
tivity in  the  passenger-car  installment-credit 
field.  It  is  also  notable  that  installment  debt 
outstanding  lias  increased  rapidly  in  compari- 
son with  the  more  moderate  increase  in  high- 
way debt,  with  the  result  that  installment 
credit  outstanding  exceeded  highway  debt  by 
nearly  $1  billion  at  the  end  of  1950.  These 
facts  lead  to  the  reflection  that  if  owners  of 
passenger  cars  have  the  financial  ability  and 
willingness  to  contract  and  retire  such  a  tre- 
mendous volume  of  short-term  obligations  for 
vehicles,  then  the  retirement  of  obligations  in- 
curred for  highways,  spread  over  a  number  of 
years,  should  not  prove  difficult. 


Interest  Rates 

Low  interest  rates  in  recent  years  have 
made  it  possible  for  the  State  and  local  gov- 
ernments to  borrow  at  a  considerably  less 
interest  cost  than  was  possible  in  the  early 
years  of  highway  development.  In  general, 
the  price  which  a  government  must  pay  in 
the  form  of  interest  to  induce  investors  to 
loan  funds  includes  not  only  the  pure  interest 
cost  for  the  use  of  the  money  but  also  an 
additional  charge  for  insurance,  or  reim- 
bursement for  risk. 

In  addition,  the  price  will  be  affected  by 
the  relation  existing  at  any  given  time  be- 
tween the  amount  of  money  available  for  in- 
vestment in  such  loans  and  the  amount  sought 
by  potential  borrowers,  and  by  the  income- 
tax  position  of  the  securities  offered.  The 
confidence  in  the  security  of  State  and  local 
highway  bonds  that  has  been  built  up  in  the 
minds  of  investors  during  the  last  50  years 
has,  by  reducing  the  increment  of  interest 


charged  for  risk,  contributed  to  the  re- 
duction in  total  interest  costs.  The  fael 
that  interest  on  State  and  municipal  bonds  is 
exempt  from  taxation  under  the  Federal  in- 
come-tax law,  with  the  high  rates  on  large 
incomes  that  have  prevailed  in  recent  years, 
has  also  been  a  contributing  factor.  How- 
ever, the  reduction  in  pure  interest  demanded 
by  investors  for  the  use  of  money  has  un- 
doubtedly been  the  most  important  influence. 

Values  of  The  Bond  Buyer's  index  of  the 
municipal  bond  market  are  given  in  table  5 
and  shown  graphically  in  figure  4.  This  index 
of  calculated  yields  is  the  result  of  averaging 
the  market  value,  expressed  in  "basis,"  of 
general  obligation  bonds  of  selected  States 
and  incorporated  places.  Changes  in  the 
bon(ls  used  in  compiling  the  index  are  made 
from  time  to  time  because  of  trading  in- 
activity in  certain  included  bonds  and  in 
order  to  make  the  index  more  truly  repre- 
sentative of  the  municipal  market  generally. 

According  to  The  Bond  Buyer  (22),  specific 
issues  are  not  used  in  compiling  the  index. 
Basis  prices  used  are  those  applicable  to  a 
bond  having  a  maturity  of  about  20  years  and 
selling  at  a  price  close  to  par,  with  few  ex- 
ceptions. The  average  rating  of  the  20  bonds 
used  in  the  index  falls  midway  between  the 
four  top  groups  as  classified  by  recognized 
rating  agencies. 

Wbile  the  index  is  given  by  years  in  table  5, 
it  will  be  noted  in  figure  4  that  annual  values 
are  plotted  for  1901-14,  quarterly  values  for 
1915  and  1916,  and  monthly  values  for  1917-51. 


2        Table  6. 


-Gross  highway  debt  outstanding 
1945-50  i 


1945 


1946 


Figure  5. — Gross  highway  debt  outstanding,  1945-50. 


I  'nuiities 

Year 

State 

local  rural 
units 

Urban 

places 

Total 

Million 

.\fillion 

J^fillion 

M"illion 

dollars 

dollars 

dollars 

dollars 

1945.... 

869 

1,223 

3,730 

1946 

1,571 

837 

1,  207 

3,615 

1947.... 

1,537 

M.I 

1.254 

3.  655 

1948— - 

1,  735 

866 

.".is 

3.899 

1949.... 

1,928 

885 

1.402 

4.215 

1950 

2,141 

904 

1,512 

]T  be  values  given  include  the  debt  of  highway  toll  autl 
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I. 

2. 
3. 

4. 
5. 
6. 
7. 

e. 

9. 

10. 
I  I. 
12. 
3. 
14. 
115. 
16. 
17. 
18. 
19. 
20. 

2  1. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 

3  7. 
38. 
39. 
40. 
41. 
42. 
43. 
44. 
45. 
46. 
47. 
48. 


DEL. 

LA. 

N. DAK. 

ARK. 

R.I. 

S.  DAK. 

ILL. 

PA. 

MASS. 

MINN. 

N.Y. 

N.C. 

N.MEX. 

MICH. 

W.VA. 

MISS. 

MD. 

CONN. 

OKLA. 

WASH. 

S.C. 

MONT. 

TENN. 

OHIO 

OREG. 

CALIF. 

N.J. 

VT. 

ALA. 

IOWA 

N.H. 

COLO. 

TEX. 

WYO. 

MO. 

FLA. 

MAINE 

KANS. 

VA. 

NEV. 

ARIZ. 

IND. 

KY. 

WIS. 

IDAHO 

GA. 

NEBR. 

UTAH 
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HIGHWAY   DEBT 
NONHIGHWAY    DEBT 


Since  the  index  is  indicative  of  municipal 
credit  in  general,  it  therefore  reflects  not  only 
changes  in  interest  cost  resulting  from  changes 
in  the  volume  of  money  available  for  invest- 
ment, the  supply  of  investment  opportunities, 
and  other  economic  conditions ;  it  also  reflects 
changes  in  conditions  peculiar  to  municipal 
securities,  such  as  Federal  income-tax  rates 
and  the  faith  of  investors  in  the  security  of 
municipal  bonds  as  compared  with  other  forms 
of  investment. 

As  is  apparent  from  figure  4,  the  interest 
return  on  municipal  bonds  has  varied  between 
rather  wide  limits  during  the  past  50  years. 
The  first  20  years  of  this  century  witnessed  a 
gradual  increase  in  interest  costs  except  for 
a  moderate  drop  during  World  War  I.  After 
climbing  to  about  51/,  percent  in  1920  and 
1921,  the  index  rapidly  dropped  to  a  little  over 
I  percent  in  1922  and  fluctuated  near  this  level 
during  the  next  7  years.  Following  an  in- 
crease to  almost  4'L.  percent  in  October  1929, 
the  index  dropped  to  :;.T1  percent  in  .June 
1931,  the  lowest  since  11)07.  Interest  costs, 
as  represented  by  the  index,  increased  rapidly 


Figure  6. — Net  State  debt  per  capita  for  highway  and  nonhighway 
purposes,  1950  (exclusive  of  debt  for  toll  facilities) . 


The  highway  debt  outstanding  at  the  end 
of  each  year,  1945  to  1950,  is  shown  in  table  6 
and  figure  5.  The  obligations  of  special  au- 
thorities are  included  with  those  of  the  class 
of  governmental  unit  to  which  they  are  at- 
tached. '  Those  of  interstate  authorities  are 
included  with  the  State  highway  debt.  The 
State  debt  for  highways  increased  from  $1,638 
million  at  the  end  of  1945  to  $2,141  million 
at  the  end  of  1950.  During  this  period  the 
highway  debt  of  the  local  rural  units  in- 
creased from  $869  million  to  $904  million  and 
the  street  debt  of  the  urban  places  from  $1,223 
million  to  $1,512  million. 

For  the  country  as  a  whole,  the  total  high- 
way debt  outstanding  at  the  end  of  1950  is 
not  of  alarming  proportions.  It  is  slightly 
more  than  the  $4,532  million  spent  for  all 
highway  capital  outlays  during  the  2  years 

1949  and  1950.  This  includes  Federal  expendi- 
tures of  $103  million  not  classified  by  system. 
The  outstanding  State  highway  debt  is  only 
72  percent  of  the  total  expenditures  ($2,931 
million)  for  capital  outlays  on  State  high- 
ways during  those  years,  and  the  outstanding 
county  debt  for  highways  is  1.2  times  the 
expenditures  ($762  million)  for  capital  out- 
lays on  county  and  other  local  rural  roads 
during  the  same  2  years.  The  outstanding 
highway  debt  of  the  urban  places  is  slightly 
more  than  double  the  sum  of  the  1949  and 

1950  expenditures  ($736  million)  for  capital 
outlays  on  city  streets. 


during  the  next  2  years,  however,  reaching 
5.69  percent  in  May  1933.  The  period  from 
1934  to  the  end  of  World  War  II  was  marked 
by  a  drop  in  interest  costs  to  a  low  of  1.29 
percent  in  March  and  April  of  1946.  Since 
then,  the  index  has  fluctuated  between  1% 
and  2%  percent. 

Although  the  index  is  indicative  of  changes 
in  the  rate  of  interest  demanded  by  investors 
from  State  and  local  bonds,  it  does  not  indi- 
cate the  rates  at  which  specific  State  and  local 
bonds  were  issued.  The  interest  rate  which 
investors  demand  of  a  particular  bond  issue 
may  be  either  higher  or  lower  than  the  going 
rate  as  indicated  by  the  index.  Chief  among 
the  factors  which  may  contribute  to  this  varia- 
tion are  the  credit  rating  of  the  issuing  gov- 
ernment, the  security  pledged  to  the  redemp- 
tion of  the  loan,  and  the  maturity  and  re- 
demption terms  of  the  issue.  All  other  condi- 
tions being  equal,  the  interest  rate  that  a 
government  must  pay  depends  on  mSrket  con- 
ditions at  the  time  of  the  sale. 

POSTWAR  CREDIT  FINANCING 

Since  1945,  State  and  local  borrowing  for 
the  construction  of  highways  has  increased 
tremendously.  During  the  5-year  period 
1946-50,  the  States  and  special  State  authori- 
ties or  commissions  borrowed  $1,057  million, 
the  counties  and  other  local  rural  road  agen- 
cies  $444  million,  and  the  urban  units  $685 
million — a  total  of  $2,186  million.  During  this 
period,  however,  debt  incurred  in  prior  years 
was  being  retired,  with  the  result  that  the 
total  outstanding  debt  increased  only  $827 
million,  from  $3,730  million  at  the  end  of  1945 
to  $4,557  million  at  the  end  of  1950. 


Per-Capita  State  Debt 

The  amount  that  a  State  or  local  unit  can 
borrow  for  highways,  aside  from  legal  restric- 
tions, is  conditioned  to  a  considerable  degree 
by  the  amount  of  highway  debt  already  in- 
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Table   7.— Total  urban  borrowings  for  highways  and  streets  in  selected  years 


State 


,0CC 
dollar.' 
359 

Arizona .  ...   

,-."> 

"1 

California. ._ 

113 

48 

Connecticut..     - .. 

870 

Georgia 

100 

70 

6 

3  714 

1  44'' 

Kentucky  . 

167 

980 

335 

Maryland.  ..  ..  _      .  . 

110 

Massachusetts 

1  780 

526 

1  026 

503 

74 

96 

623 

15 

New  Hampsl  ire    

355 

1    0S1 

5.506 
158 

North  Carolina.. 

North  Dakota     

97 

Ohio 

;  '.'  16 

Oklahoma  . 

1   174 

i  iregon.  ... 

547 

Pennsylvania        

919 

Rhode  Island 
South  Carolina. .   - 
South  Dakota..  .  

223 

200 

28 

Tennessee 

I   in.: 

Texas 

2,035 
62 

Utah . 

Vermont.  ..  .. 

50 

Virginia.  

2,  136 

Washington 

West  Virginia     _     ... 

5 

2,870 

244 

Wisconsin              ...  ... 

\Y\  uniing  2 

200 

Total     ■_ 

35.  585 

1945 

Pos 

1946 

1947 

Mils 

1,000 
dollars 

1,000 
dollars 

1 ,0C  0 
dollars 

1,000 
dollars 

9 

2.  250 

9 

140 
35 

1,  899 

1,179 

35 

72 
803 

25 

86 

544 
300 

4,'.;, 

86 

490 

848 

30 

162 
12 

1,  694 

647 

319 

12 

3,087 

783 

2,001 

25 

7,r.7 

127 

16,  560 

31 

113 
331 

134 

550 

2.640 

11 

372 

378 
3,008 

179 
3,593 

1.  276 
6,684 

lis 

5.235 

38 
100 

217 

230 

i.  587 
718 

61 

15.  400 
5.834 
1,121 

111 

100 

4.572 

1.874 

24 
519 

178 
19 

1.338 

957 

660 

6 

1,  116 

3.  960 

604 

11 

4,836 

2.921 
900 
195 

297 
19 

93 

170 
43 

1,835 

1.504 
196 

540 
1,364 

3,614 
192 
693 

1,532 

100 

14,  724 

172 

1 

25 

14,413 

2,815 

166 

95 

31,735 

3,  150 

947 

635 

21,  in  in 

2,983 

524 

3.855 
135 

78 

5,  757 
862 
85 
82 

5,  753 

74 

417 

2.535 

8,852 
229 
211 

2.313 

478 

15 
579 

288 

300 
2,099 

659 

700 
5,276 

837 
216 

75 
1,137 

3.958 
42 

16. 382 
6 

200 

12.  808 

60 

75 

5.122 

15,033 
192 
62 

7.204 

595 
750 

20 
1,865 

95 
I.  730 

18 

39 

300 

30.  062 

63,  063 

122,  219 

121,914 

1949 


1,000 

dollars 

5,  094 

2,  70S 

359 


18 

1,  099 

..    I  !, 

651 

166 

4.  899 

301 

1.  585 
9,  266 

17 
10.  965 

148 

275 

7.  HOC, 

7.  541 

3,481 

2.  266 

152 
245 

3,028 

578 

666 

I  700 

552 

43,  009 

2,  167 

1,230 

12,  753 
412 
592 

12.  855 

1.  425 
728 
435 

4,226 

19,  537 

44 

101 

2,273 

786 

85 

1,243 


17S.  102 


1950  1 


1,000 

dollars 

1.528 

830 

200 

8,895 

3,  700 

420 

492 

3,  480 

559 

8  290 

683 

l,  tin 

6,  273 

30 

9,467 


8.449 
7,159 

4,984 

4,121 

5,  857 

231 

2,700 
1X2 
110 

2,  554 

650 

26.  657 

2,111 

1,056 

16,385 

10,  278 

749 

15,  061 

3,  750 
1,  150 

155 
3,267 

26,  278 

"""453 
7,075 

1,000 
190 
716 


199,  894 


Totals, 
1946-50 


1,000 
dollars 
8.521 
1,866 
594 
16,  793 

3,962 
3,356 

792 

10.  943 

6,  7  is 

2.02.'! 

32,069 

1,052 

5.208 

27,871 

335 

29,  632 

550 

15.  775 
30,448 
18,  4  13 

15,  755 

8.173 
688 

11,016 

1,  in  1 
2,009 

11,  985 

1. 957 
136  823 
13,  226 

3,  923 

49,  500 
1 1,  855 

2.  054 
32,  846 

6.959 

2,394 
1,665 

16,  00,r, 

90,  038 
302 
891 

21,  674 

1.  899 

:.;i 
5,  854 


685, 192 


'  Estimated. 


-  Data  not  available  subsequent  to  1941. 


curred  and  also  by  the  amount  of  the  total 
debt,  highway  and  nonhighway.  It  can  be 
observed  in  figure  6  that  there  is  great  vari- 
ance among  the  States  in  per-capita  debt  and 
its  division  between  highway  and  nonhigh- 
\\  ay  components.  Toll-facility  debt  is  not 
considered  in  this  part  of  the  discussion.  Al- 
though the  inclusion  of  tbeir  debt  as  a  part 
of  total  State  debt  can  readily  be  justified, 
the  fact  that  a  number  of  the  larger  toll  fa- 
cilities draw  chiefly  from  interstate  or  out-of- 
State  traffic  would  tend  to  distort  a  compari- 
son of  per-capita  debt  which  included  them. 
Limited  obligations  and  reimbursement  debt 
are  taken  into  account. 

All  States  have  some  net  debt,  but  in  nine 
States  per-capita  total  debt  does  not  exceed 
$5.  Sixteen  States  have  no  highway  debt 
other  than  toll-revenue  bonds.  On  the  other 
hand,  six  States  have  total  per-capita  debt  of 
$50  or  over,  and  one,  Delaware,  has  a  per- 
capita  debt  of  $128.  The  State  having  the 
highest  per-capita  highway  debt  is  Arkansas, 
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with  $61.  In  no  other  State  is  per-capita  high- 
way debt  over  $50,  although  Delaware,  Louisi- 
ana, North  Carolina,  West  Virginia,  Missis- 
sippi, and  South  Carolina  have  per-capita 
highway  debt  between  $25  and  $50.  Some 
States  with  little  or  no  highway  debt  have 
relatively  high  nonhighway  debts — among 
them  North  Dakota,  Rhode  Island,  South 
Dakota,  Minnesota,  Connecticut,  Oklahoma, 
Washington,  and  Ohio.  State  debt  as  a  whole, 
highway  and  nonhighway,  is  riot  particularly 
burdensome  in  most  States,  however.  In  half 
the  States  per-capita  total  debt  is  less  than 
$25,  and  in  two-thirds  is  less  than  $35.  Of  the 
total  State  debt  in  all  States,  including  limited 
obligations  and  reimbursement  debt,  but  not 
including  toll-revenue  bonds,  highway  obliga- 
tions constitute  30  percent. 

Similar  comparisons  of  per-capita  debt 
could  be  made  for  the  local  rural  and  urban 
governments  (including  the  counties).  How- 
ever, comparisons  of  local  debt  on  a  State- 
wide basis  would  have  little  meaning,   and 


comparisons  among  the  more  than  34,000  local 
units,  many  of  which  are  overlapping,  which 
have  some  highway  responsibility  would  be 
too  voluminous  for  inclusion  here.  In  at- 
tempting to  appraise  the  burden  of  existing 
debt,  or  the  capacity  for  supporting  additional 
debt,  consideration  must  be  given  not  only 
to  the  resources  and  obligations  of  the  unit 
itself  but  also  to  those  of  overlapping  or  su- 
perior units. 

In  the  paragraphs  which  follow,  more  de- 
tailed consideration  is  given  to  recent  trends 
in  highway  bond  financing  at  all  levels  of 
government.  First,  attention  is  given  to  high- 
way and  street  obligations  issued  by  the  cities 
and  other  urban  places;  and,  next,  to  those 
of  the  counties  and  local  rural  highway  agen- 
cies. Finally,  the  State  highway  obligations, 
already  touched  upon,  are  subjected  to  further 
scrutiny. 

Urban  Borrowings 

Table  7  gives  the  amounts  of  highway  and 
street  bonds  issued  by  the  cities  of  each  State 
in  the  years  1946-50,  with  the  years  1941  and 
1945  included  for  comparative  purposes.  Fig- 
ure 7  shows  the  geographical  distribution  of 
the  total  sales  for  the  5-year  period  1946-50. 

It  is  safe  to  assume  that  the  estimated  bor- 
rowings of  the  urban  units  for  st  reel  purposes 
are'  understated.  Although  urban  street- 
finance  studies  are  now  being  conducted  in 
over  40  States,  the  degree  of  coverage  varies. 
To  complicate  matters  further,  data  concern- 
ins  urban  special-assessment  districts  are  not 
always  available  and  in  some  States  these 
districts  account  for  a  considerable  portion 
of  the  local  street  construction. 

NThe  urban  units  of  all  States  but  one  are 
known  to  have  issued  bonds  for  street  pur- 
poses during  the  period  studied  ;  no  data  were 
available  for  Wyoming. 

A  combination  of  factors  in  recent  years  has 
encouraged  the  urban  units  to  enter  the 
credit-finance  field  to  provide  funds  for  city 
street  improvements.  Among  these  factors 
are  the  following: 

1.  The  urban  units  are  enjoying  tbeir  most 
favorable  financial  condition  since  the  1920s. 
The  result  is  improved  credit  ratings  and 
lower  interest  rates. 

2.  The  deficiencies  of  the  urban  arterial 
systems  have  reached  such  alarming  propor- 
tions that  immediate  action  is  imperative. 

3.  State  highway-user  revenues  have 
reached  new  heights  and  the  States  are  as- 
suming their  share  of  the  cost  of  urban  proj- 
ects, thereby  easing  the  burden  on  the  urban 
units,  and  making  feasible  the  development 
of  urban  arterial  facilities. 

4.  The  Federal-aid  Highway  Act  of  1944 
specifically  authorized  $125,000,000  annually 
for  the  first  three  postwar  years  for  the  im- 
provement of  the  urban  Federal-aid  system; 
and  similar  authorizations  have  been  con- 
tinued in  the  Federal-aid  highway  acts  of 
1948,  1950,  and  1952. 

Cooperative  projects,  involving  Federal, 
State,  county,  and  city  participation,  grow 
in  importance  yearly  and  have  given  a  much- 
needed  impetus  to  the  construction  and  im- 
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provement  of  urban  arterial  highway  facili- 
ties. Before  the  advent  of  these  cooperative 
projects  many  of  the  cities  were  unable  to 
finance  the  construction  of  vital  arterials  be- 
cause of  the  tremendous  costs  involved.  The 
division  of  the  project  costs  between  them- 
selves and  other  governmental  units  has  made 
ir  possible  tor  the  urban  units  to  finance  suc- 
cessfully their  portion  of  the  projects.  In 
many  of  the  larger  urban  projects  which  are 
being  constructed  on  a  cooperative  basis  the 
municipal  portion  of  the  costs  is  being  fi- 
nanced with  the  proceeds  from  bond  sale-. 
The  methods  of  financing  these  projects  are 
discussed  in  detail  later. 

In  nine  States,  during  the  period  1946-50, 
the  urban  units  borrowed  less  than  $1  million  : 
in  thirty  States,  from  $1  to  $20  million:  and 
in  six,  from  $21  to  $40  million.  In  Ohio, 
$49.5  million  was  borrowed:  in  Texas,  $90 
million  :  and  in  New  York.  *136.S  million.  The 
urban  units  in  these  three  States  accounted 
lor  lb  percent  of  t lie  total  postwar  borrowings 
of  the  incorporated  and  other  urban  places. 
Because  of  iis  large  urban  population,  it  is 
not  surprising  thai  New  York  state  leads  the 
list  ;  but  the  Triborough  Bridge  and  Tunnel 
Authority  accounted  for  $81  million  of  its 
total. 

Credit  financing  is  being  widely  used  by 
Texas  cities,  both  large  and  small.  About 
one-fifth  of  the  $90  million  borrowed  by  the 
urban  places  in  Texas  from  1!»  ID  through  1950 
was  for  urban  expressway  construction  in  co- 
operation with  the  State  highway  department. 
During  the  5-year  period,  the  cities  borrowed 
$18  million  for  this  purpose — $16  million  for 
right-of-way  and  $2  million  for  construction. 
Borrowing  for  expressways  accounted   for  a 
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significant  part  of  the  urban  borrowings  in 
other  States,  among  them  Georgia  and  Illinois. 

Borrowing  by  Counties  and  Other 
Local   Rural   Units 

Although  borrowing  by  the  counties,  towns, 
and  townships  for  highway  purposes  has  been 
substantial  in  recent  years,  it  has  been  rela- 
tively small  when  compared  to  the  scale  of 
credit  financing  which  these  same  units  prac- 
ticed during  the  period  1919-29.  During  this 
earlier  period,  however,  the  local  units  not 
only  financed  the  construction  of  local  rural 
roads  but  also  the  early  construction  of  a 
large  portion  of  the  present  State  highway 
systems. 

It  should  be  remembered  that  in  earlier 
years  the  property  tax  was  the  main  source 
of  revenue  for  the  local  rural  units,  and  that 
it  was  shortly  after  1920  that  farm  prosperity 
started  its  long  decline,  culminating  in  a  very 
serious  depression  by  1930.  The  counties  and 
towns  of  today  do  not  rely  very  heavily  on 
the  property  tax.  Although  it  is  still  a  sub- 
stantial source  of  revenue  for  local  roads,  it 
is  no  longer  the  chief  source,  being  exceeded 
by  State  aids  from  road-user  taxes  in  most 
States. 

However,  the  $444  million  borrowed  by  the 
local  rural  units  from  1946  through  1950  is 
no  trifling  sum,  and  is  indicative  of  the  efforts 
being  made  by  those  units  to  modernize  their 
road  systems.  Table  8  shows  the  borrowings 
for  road  purposes  by  the  local  rural  units  in 
each  State  for  the  years  1946-50.  The  years 
1941  and  1945  are  included  for  comparison. 

Figure  8  indicates  the  geographical  dis- 
tribution of  borrowings  by  the  counties  and 


other  local  rural  units  for  roads  during  the 
5-year  period.  There  is  no  particular  pattern 
evidenced  nor  are  any  pronounced  regional 
variations  apparent.  Borrowings  totaling 
$238  million  were  reported  in  11  out  of  16 
Southern  States ;  issues  totaling  $187  million 
were  reported  in  18  out  of  21  Northern  States ; 
but  only  $13  million  was  reported  borrowed 
in  7  out  of  11  Western  States. 

Of  the  14  States  in  which  the  local  rural 
units  borrowed  less  than  $1  million  during  the 
period,  8  borrowed  less  than  $300,000  and  4 
of  these  less  than  $100,000. 

Ten  States  incurred  no  local  rural  road  debt 
whatsoever.  Arkansas  local  rural  units  are 
constitutionally  prohibited  from  incurring 
debt  for  highway  purposes.  In  two  States, 
North  Carolina  and  West  Virginia,  the  local 
rural  units  exercise  no  highway  function  ex- 
cept for  the  servicing  of  road  debt  incurred 
many  years  ago.  Virginia  has  only  three 
counties  participating  in  highway  activities. 
The  Delaware  counties  issue  bonds  only  for 
roads  in  suburban  areas  as  provided  by  the 
1945   Suburban  Road  Act. 

Eight  States  accounted  for  80  percent  of 
the  total  local  rural  borrowings  for  the  5-year 
period,  with  the  Texas  counties  alone  issuing 
approximately  31  percent.  That  State,  in  re- 
cent years,  has  experienced  tremendous  gains 
in  population  and  industry  and,  in  an  effort 
to  keep  pace  with  this  expanding  economy,  the 
counties  have  resorted  to  credit  financing  for 
highway  construction  on  a  large  scale.  Of  the 
remaining  seven  States  in  which  the  bulk  of 
the  credit  financing  of  highways  by  local  rural 
units  has  taken  place,  borrowing  in  Illinois 
and  Georgia  has  stemmed  largely  from  par- 
ticipation of  the  counties  in  large  expressway 
projects.  In  Alabama,  Mississippi,  New  Jer- 
sey, New  York,  and  Pennsylvania  the  local 
rural  units  have  traditionally  borrowed  to  fi- 
nance capital  outlays. 

Possibly  another  reason,  although  not  so 
tangible,  for  the  recent  increase  in  credit  fi- 
nancing was  the  material  improvement  in  the 
credit  ratings  of  the  local  rural  units  that  has 
taken  place  in  the  last  few  years.  At  the  end 
of  1930  the  outstanding  gross  highway  debt 
of  these  units  was  estimated  at  $1,830  mil- 
lion. This  had  been  reduced  to  $1,212  mil- 
lion by  the  end  of  1941,  and  to  $869  million  by 
the  end  of  1945.  This  reduction,  coupled  with 
the  increased  and  more  stable  sources  of  in- 
come, have  made  the  bond  proposals  of  the 
local  units  very  attractive  and  the  units,  for 
the  most  part,  have  obtained  favorable  inter- 
est rates.  All  of  these  factors  have  tended 
to  put  a  "new  look"  on  the  credit  financing 
picture  insofar  as  the  counties  and  other  local 
rural  units  have  been  concerned. 

Types  of  Obligations  Issued  by  Local 
Governments 

Table  9  shows  the  types  of  local  government 
highway  debt  issued,  redeemed  and  outstand- 
ing for  the  5-year  period  1946-50.  For  the 
urban  units,  toll-revenue  bond  issues  exceeded 
retirements  by  $67  million,  and  general-obliga- 
tion and  special-assessment  bonds  showed  a 
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7  V.,  percent,  of  the  $4-14  million  borrowed  by 
the  counties  and  local  rural  units  from  194G 
through  1950.  This  includes  $5  million  ad- 
vanced by  the  State  of  California  to  the 
Golden  Gate  Bridge  and  Highway  District  for 
the  construction  of  a  new  Sausalito  approach 
to  the  Golden  Gate  Bridge.  The  advance  is 
to  be  repaid  when  the  bonds  issued  to  build 
the  bridge  have  been  retired.  Also  included 
is  a  $7-million  Warren  County,  Miss.,  issue 
for  the  purchase  of  a  privately  owned  high- 
way and  railroad  bridge  across  the  Missis- 
sippi River  at  Vicksburg. 

Table  9  does  not  indicate  a  pronounced  shift 
to  toll-revenue  financing  on  the  part  of  the 
local  rural  and  urban  units,  such  as  has 
marked  recent  State  borrowing  policy.  This 
may  be  accounted  for,  in  part,  by  the  lesser 
opportunities  for  toll-facility  financing  avail- 
able to  the  local  units.  Few  roads  for  which 
the  counties  and  local  rural  units  are  respon- 
sible carry  sufficient  traffic  to  permit  toll  fi- 
nancing, and  the  collection  of  tolls  on  city 
streets  is  not  practical. 


Table  8. — Total  borrowings  for  highway  purposes  by  counties  and  other  local 
rural  units  in  selected  years 
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Figure  8. — Total  county  and  local  rural  bor- 
rowings for  highway  purposes,  1946—50. 


net  increase  of  $213  million.  The  majority 
of  the  urban  toll-revenue  bonds  were  issued 
by  the  Triborough  Bridge  and  Tunnel  Au- 
thority for  the  completion  of  the  Brooklyn- 
Battery  Tunnel,  by  the  city  of  New  York  in 
connection  with  the  municipal  ferries,  and  by 
the  city  of  East  St.  Louis,  111.,  for  the  Missis- 
sippi River  bridge :  These  three  units  account 
for  over  80  percent  of  the  total  toll-revenue 
bonds  outstanding  at  the  end  of  1950  with  the 
Triborough  Authority  accounting  for  about  72 
percent. 

General-obligation  bonds  backed  by  the  full 
faith  and  credit  of  the  issuing  unit  predomi- 
nate in  the  urban  bond  issues.  It  is  believed 
that  special-assessment  bonds,  once  very  popu- 
lar and  widely  used  before  the  depression,  are 
again  assuming  some  importance  in  the  debt 
structure  of  the  urban  units.  However,  in- 
formation on  this  type  of  debt  is  difficult  to 
obtain  and  the  available  data  are  far  from 
complete. 

Bonds  issued  by  the  counties  and  local  rural 
units  are  customarily  general  obligations 
backed  by  the  full  faith  and  credit  of  the 
issuing  authority.  Special-assessment  bonds 
and  toll-revenue  bonds  are  exceptions.  Al- 
though the  road  districts  and  townships  in 
some  States  have  issued  special-assessment 
bonds  in  the  past,  this  type  of  bond  has  never 
been  as  widely  adopted  by  the  rural  units  as 
by  the  urban  places  and  has  been  used  but 
little  in  recent  years. 

As  shown  in  table  9,  toll-revenue  bonds  se- 
cured only  by  a  pledge  of  the  earnings  of  the 
toll  facility  accounted  for  $33  million,  or  about 
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State 

1941 

1945 

Postwar  years 

1946 

1947 

1948 

1949 

1950' 

Totals, 
1946-50 

\  labama 

1,000 

dollars 

2,330 

68 

42 

1.070 

255 

1,262 

290 

1,552 

60 

1,384 

713 

509 

12 

80 
2,465 

2,086 

25 

925 

4,049 

356 

71 

840 

10,293 
6 

678 
31,401 

1,000 

dollars 

307 

14 

1,000 

6,769 
60 

236 
20 
41 
60 

3 

8 

246 

662 
40 

553 

594 
80 

892 

460 
10, 140 

22, 185 

1,000 

dollars 

5.278 

5,000 

1,400 

4.193 
80 

453 
510 

758 

27 

83 

645 

893 

2,761 

200 

15 
2,185 

680 

6 

725 
3,400 

2.665 

1,575 

1,062 

15,292 
60 

390 
50,336 

1,000 

dollars 

5.067 

141 

135 
1,500 

13,300 

7.750 
60 

754 

2, 152 

40 

199 

44 

1.500 

89 

96 

1,  469 
8.776 
1,810 

91 

149 
4,331 

6,898 

252 

2,100 

3,388 

450 

3.619 

2,170 

8 

2,151 

29,992 

5,119 
105,  600 

1,000 

dollars 

7.238 

222 

46 
680 

1,400 

4,185 
542 

1.341 
627 
32 
100 

60 

221 
156 

562 
2,929 
1,034 

142 
3,830 

4.395 

111 

62 
100 

8,937 

282 
2,035 

42,  206 
8 

1,500 
590 

85,  573 

1,000 

dollars 

3.772 

71 

22 

27 

2,450 

3,165 

27,  120 
1.954 

1.747 

151 

16 

436 

402 

2,  50C 

250 

80 

SIT 
2,248 
1,100 

150 
5,945 

3,707 

34 

644 

9 

150 

10.  690 

1,700 
3,170 
21,  000 

3,000 

400 

98, 927 

1,000 

dollars 

735 

75 

25 

1.680 

1,200 

25,  510 
867 

250 

714 

150 
794 
2C0 
100 

750 

3,212 

1,000 

54 

1,970 

100 
3,507 

13, 005 

50 

291 
900 

10,390 

1.000 

250 

1,530 

30, 893 

1.700 
660 

103, 562 

1,000 
dollars 
22, 090 
509 

5,000 

22 

233 

6,310 

20. 465 

68.  758 
3.503 

4.295 

3.690 

88 

2.207 

683 

4,794 
843 
432 

4,243 

18.  058 
7,705 

254 

2,061 

15 

541 

19,  798 

28.685 

453 

3.  822 

7,797 

600 

36,301 

6,445 

540 

9,948 

139,  383 
68 

6,200 
7,159 

443,  998 

Arizona 

Arkansas 

California 

Colorado . 

Delaware 

Ohio            

Utah           - 

i  Estimated. 
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Table   9. — Types    of   local    government   highway    debt    issued,   redeemed,    and 

outstanding,  1946-50  ' 


Year 

Redeemed 

Outstanding  at  end  of  year 

1  obli- 
gation and 

input  bonds 

Toll-revenue 
bonds 

General  obli- 
gation and 

special  assess- 
ment bonds 

Toll-revenue 
bonds 

General  obli- 
gation and 

special  assess- 
ment bonds 

Toll-revenue 
bonds 

Local  CJrpan  Governments 

;  ,000  dollars 

49,537 
102, 

135,667 
188, 477 

571.448 

1,000  dollars 

1,000  dollars 

1,000  dollars 

1,000  dollars 

985, 032 

960, 041 

994, 306 

1,018,238 

1,092,514 

1,  207,  350 

1,000  dollars 
237,  837 
246, 894 
260, 032 
279,  661 
309,  943 
305, 107 

13, 526 
19,820 

42.  435 
11,417 

113,744 

74, 439 
68.051 
70, 540 
71,995 
73,  747 

358, 772 

4,469 
6,682 
6,917 
12,  153 
16, 253 

46, 474 

1947                         

1948 

1949 

1950                                  

County  and  Local  Rural  Governments 

1945 

1946                 

41,  607 

95,  232 
84,  291 
94, 033 
96, 072 

411,235 

816.  345 
777,  570 
794,  987 
798,  066 
815,019 
829, 205 

52,  773 

59,  299 
69,  006 
b7,  861 
69,  465 
74,  621 

7,370 
10.  965 
1.535 
4.  526 
8,270 

32, 666 

76, 756 
78. 380 
75, 562 
77, 467 
81,886 

390, 051 

844 
1,369 
2.680 
2,922 
3,114 

10,  929 

1947              

[948                

1949 -- 

1950             

Total 

1  Refunding  bonds  not  included.  As  adjustments  to  out- 
standing debt  made  possible  by  more  complete  information 
could  not  always  be  carried  back  through  prior  years,  the 
computed  outstanding  debt  will  not  always  agree  with  the 
actual  outstanding  debt. 


State   Borrowings 

Table  10  gives  the  borrowings  for  highway 
purposes  by  the  various  States  for  the  5  years 
1946-50.  Again,  the  years  1941  and  1945  have 
been  included  for  comparative  purposes.  Fig- 
ure 9  shows  the  geographic  distribution  of 
the  total  borrowings  for  highways  during  the 
5-year  period  covered.  The  geographic  dis- 
tribution is  not  highly  significant  but  it  does 
indicate  a  concentration  of  borrowings  along 
the  eastern  seaboard.  This  is  not  surprising, 
as  construction  in  urban  and  industrial  areas 
is  an  expensive  process. 

Twenty-five  States  accounted  for  approxi- 
iikiI.Iv  99  percent  of  all  the  bonds  issued,  and 
live  States — Maryland,  Massachusetts,  New 
Jersey,  North  Carolina,  and  Pennsylvania— 
issued  55  percent  of  the  total.  The  Atlan- 
tic seaboard  States  accounted  for  a  little  over 
80  percent  of  the  total  issued. 

The  two  largest  borrowers  used  bond  re- 
ceipts  for  almost  diametrically  opposite  types 
of  roads.  The  $12o-million  North  Carolina 
bonds  were  issued  to  improve  former  county 
roads  now  under  State  control,  while  Penn- 
sylvania issued  $164.5  million  to  extend  the 
Pennsylvania  Turnpike,  $15  million  for  State 
road  and  bridge  construction,  and  $8.5  mil- 
lion t<i  purchase  privately  owned  toll  bridges. 

During  the  5-year  period,  20  States  incurred 
no  highway  debt  whatsoever.  Three  States 
borrowed  less  than  $1  million:  Missouri  and 
Texas  assumed  small  amounts  of  reimburse- 
ment debt,  and  New  Hampshire  issued  $650,- 
000  in  toll-bridge  revenue  bonds.  (The  bonds 
which  replaced  notes  issued  to  finance  con- 
struction  of  the  New  Hampshire  Turnpike 
were  not  issued  until  1951.) 

The  array  of  States  would  be  modified 
somewhat  if  1951  issues  bad  been  included. 
The   latest   available   information    indicates 
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that  more  than  $460  million  in  State  highway 
obligations  (including  the  issues  of  State  toll 
authorities)  were  sold  during  that  year.  Of 
this  total,  $186  million  were  toll-road  and  toll- 
bridge  bonds  and  $274  million  were  toll-free 
issues  of  various  kinds. 

Types  of  Obligations  Issued  by  States 

In  1948,  1949,  and  1950,  bond  issues  for 
State  highway  construction  averaged  over 
$300  million  per  year.  The  debt  transactions 
that  have  taken  place  during  the  postwar 
period,  however,  have  exhibited  marked  dif- 
ferences from  the  experience  of  the  1920's  and 
1930's,  reflecting  new  developments  in  high- 
way finance  and  administration. 

The  postwar  issues  may  be  divided  into 
three  groups,  depending  on  the  type  of  secu- 
rity offered  and  income  pledged  to  service 
the  debt.  The  three  types  are  general-obliga- 
tion bonds,  limited-obligation  bonds,  and  toll- 
revenue  bonds.  The  reimbursement  obliga- 
tions described  previously,  although  not  evi- 


Table    10. — Total   State  borrowings   for  highway  purposes   in   selected   years  ' 


State 

1941 

1945 

Postwar  years 

1946 

1947 

1948 

1949 

1950 

Totals, 
1946-50 

Alabama 

1,000 
dollars 

1,000 
dollars 

1,000 
dollars 

1,000 
dollars 

1,000 
dollars 

1,000 
dollars 

1,000 
dollars 

1,000 
dollars 

Arizona 

Arkansas 

7,  COO 

7,000 

14.000 

California 

Colorado  .. 

6,300 

6. 300 
11,000 
51,  500 
47,371 

Connecticut 

10,  000 

1,000 
7,000 
5,720 

Delaware __ 

42, 500 
10.,  501 

2,000 
28,000 

Florida 

3,150 

Idaho ...  

Illinois 

Indiana 

218 

Kansas 

Kentucky 

1.000 
19,  000 

5,  COO 

1.000 
31.900 

20.600 
88.826 
87,000 

116 

500 
5.434 

2,900 
15,  000 

10, 000 

Maine _ 

600 
26,  688 

Maryland.  . 

1.5CC 

37, 138 
27.  0C0 

25, 000 
60,  COO 

Massachusetts- 

Michigan 

Minnesota . 

Mississippi 

5,000 

10,  COO 
21 

10, 000 

2 

5,000 

5,000 

2.217 

32,  217 
23 
10, 823      : 

Missouri 

297 

Montana 

323 

5,500 

Nebraska 

Nevada 

New  Hampshire.  .. 

650 
5,000 

3,000 

650 
91,  900 

9,000 

41,  155 

125,  000 

2,925 

New  Jersey... . 

7,400 

4,000 
8,500 

4,000 

75,  500 

New  Mexico 

2,000 
15, 000 

2,000 
10,  655 

New  York 

l»'.',iii:ii 
75, 000 

North  Carolina. 

.Ml   III  XI 

North  Dakota 

2.925 

Ohio 

Oklahoma- 

31,000 

31,000 

Oregon  

Pennsylvania 

1,500 

87. 000 

101,000 

189.  500 

Rhode  Island. . 

690 

4,100 

6,000 

5,000 

20, 000 

10,  000 

10,  000 

51,000 

South  Dakota 

Texas 

3,143 

98 

38 

4 

339 

479 

Utah 

2.800 
23, 000 

2,  800 
42.  000 

19, 300 
44,  000 
3,553 

Virginia 

19,  000 

1,650 

9,500 

400 

Washington..  . 

3.650 
5.000 
1,367 

14.  000 

3,000 

318 

West  \  irginia 

6,350 
714 

5, 666     j 

8,000 

18,500 
1,  46S 

Wisconsin 

Wyoming 

Total 

34,165 

10, 897 

54,528 

80, 036 

268, 072 

254, 062 

400,  124 

1,  056.  822 

1  Refunding  bonds  not  included. 
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highway  debt,  have  now  ceased  to  be  a  signifi- 
cant factor.  About  $138  million  of  such  debt 
was  outstanding  at  the  end  of  1945 ;  only  $52 
million  was  outstanding  at  the  end  of  1951. 

Some  recent  bond  issues  have  been  secured 
only  by  the  pledge  of  certain  highway-user 
revenues.  This  type  of  limited  obligation  has 
shown  a  marked  net  increase  since  the  war, 
from  $97  million  on  January  1,  1946,  to  $320 
million  on  December  31,  1951.  The  large  is- 
sues in  Maryland  and  Mississippi  have  been 
secured  only  by  the  highway  funds.  In  Flor- 
ida the  Improvement  Commission  bonds  for 
State  roads  are  limited  State  obligations  se- 
cured by  a  portion  of  the  gasoline  tax.  The 
Pennsylvania  Highway  and  Bridge  Authority 
bonds  are  also  limited  obligations  backed  only 
by  the  motor  license  fund  revenues.  The  most 
recent  instance  of  limited-obligation  financing 
on  a  large  scale  is  found  in  Michigan's  Act 
22,  enacted  in  1950.  The  State  highway  com- 
missioner, counties,  cities,  and  villages  are 
authorized  to  cooperate  with  each  other  or  the 
Federal  Government  In  issuing  limited-obli- 
gation bonds  for  express  highways,  in  an 
amount,  however,  not  to  exceed  $200  million. 
Debt  service  is  to  be  derived  from  road-user 
revenues  and  other  pledged  funds.  Limited- 
obligation  bonds  amounting  to  $277  million 
have  actually  been  issued  by  the  States  since 
1945,  an  indication  of  the  popularity  of  this 
type  of  borrowing. 


deuced  by  State  bonds,  form  a  fourth  type 
of  obligation  incurred  by  the  States  for  high- 
ways. Figure  10  and  table  11  give  issues, 
redemptions,  and  amounts  outstanding  for 
each  type  for  the  period  1946-51. 

In  spite  of  a  net  increase  of  $163  million 
in  debt  outstanding  at  the  end  of  1951,  general- 
obligation  issues  showed  little  relative  net 
increase  in  the  postwar  period  because  of  the 
large  amount  (over  $1  billion)  outstanding  at 
the  beginning.  General-obligation  bonds  are 
secured  by  the  full  taxing  power  of  the  State 
but,  in  the  case  of  highway  bonds,  are  most 
frequently  serviced  from  highway-user  reve- 
nue funds.  Many  States  have  specifically 
pledged  all  or  a  portion  of  their  road-user 
revenues  in  addition  to  the  general  taxing 
power.  Alabama,  for  example,  services  its  first 
highway  bond  issue  from  motor-vehicle  license 
revenues,  and  its  second  and  third  issues  from 
the  motor-fuel  tax.  Louisiana  allocates  the 
amount  required  from  the  income  obtained 
from  4  cents  of  a  9-cent  gasoline  tax  for  debt 
service  on  State  highway  obligations.  In 
Arkansas,  70  percent  of  the  first  $10,250,000 
of  revenues  of  the  State  highway  fund  is  set 
aside  for  debt  service.  In  the  newer  Massa- 
chusetts issues,  an  increase  in  the  gasoline  tax 
of  1.3  cents  is  dedicated  to  pay  interest  and 
principal  on  the  bonds.  In  many  States  it  is 
probable  that  the  pledge  of  road-user  revenues 
for  debt  service  offers,  in  effect,  as  great  a 
security  for  the  bond  issues  as  does  the  addi- 
tional pledge  of  the  full  faith  and  credit  of 
the  State,  since  the  highway  revenues  repre- 
sent one  of  the  larger  and  more  constant 
sources  of  the  State  revenues. 

Reimbursement  obligations,  once  forming  a 
relatively  large  portion  of  outstanding  State 
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Figure  10. — Types  of  State  highway  debt. 

Table   11. — Types   of   State   highway   obligations   issued,   redeemed,   and   outstanding, 

1946-51 J 


Type  of  obligation 


General-obligation  bonds. __ 
Reimbursement  obligations 
Limited-obligation  bonds. _ 
Toll-revenue  bonds 

Total 


Outstanding 
Dec.  31,  1945 


1,000  dollars 

1,039,799 

138, 324 

96,  570 

363, 123 

1,637,816 


Issued 
1946-51 


1,000  dollars 

549,  246 

16, 642 

277, 012 

674, 368 

1,517,268 


Redeemed 
1946-51 


1,000  dollars 
386, 302 
103, 027 

165,606 

708, 821 


Outstanding 
Dec.  31,  1951 


1,000  dollars 

1, 202,  743 

51,939 

319,  696 

871,885 

2, 446,  263 


i  Excludes  refunding 
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Figure  11. — Purpose  of  State  highway  debt. 


State  Revenue-Bond   Financing 

Revenue-bond  financing  for  toll  crossings 
and  toll  roads  lias  been  a  dominant  feature  of 
the  postwar  bond  picture.  Toll-revenue  issues 
since  1046,  refunding  excluded,  have  totaled 
over  $070  million,  and  the  total  outstanding 
has  been  more  than  doubled — from  $363  mil- 
lion to  $871  million  during  the  6-year  period. 
None  of  this  financing  involves  the  pledge  of 
any  other  revenues  or  the  taxing  power  on 
the  part  of  the  State;  it  is  supported  solely 
by  the  earning  power  of  the  toll  facilities. 
Immense  projects  such  as  the  Delaware  Me- 
morial Bridge,  the  Chesapeake  Bay  Bridge,  the 
Pennsylvania  Turnpike  extensions,  the  New 
Jersey  Turnpike,  and  the  Mystic  River  I '.ridge 


which  have  been  completed  or  placed  under 
construction  have  been  financed  in  this  man- 
ner. Since  this  type  of  debt  has  reached 
significant  proportions,  a  brief  discussion  of 
the  history  of  revenue  financing  and  public 
authorities  is  in  order. 

The  earliest  revenue-bond  financing  by  gov- 
ernmental units  occurred  about  1890  in  the 
State  of  Washington  when,  under  a  consti- 
tutional provision,  municipalities  were  per- 
mitted to  incur  debt  for  the  purpose  of  sup- 
plying water,  lighting,  and  sewers.  By  1910 
revenue  bonds  were  generally  used  through- 
out the  United  States  in  financing  the  con- 
struction of  municipally  owned  utilities. 
Water  districts  in  Maine  issued  revenue  bonds 
during  the  lS90's,  but  no  other  public  author- 


Table   12. — Purposes  of  State  highway  obligations  issued,  redeemed,  and 
outstanding  1946-51  ' 


Purpose  of  issue 

Outstanding 

Dec.  31,  1945 

Issued  1946-51 

Redeemed 
1946-51 

Outstanding 
Dec.  31,  1951 

Toll-free  bonds 

1,000  dollars 
1,268,557 

314, 778 
54,  4S1 

1.037.816 

1,000  dollars 
7S1.130 
287,  638 
448,  500 

1,517.268 

1,000  dollars 

538. 945 

157,705 

12,171 

708, 821 

1,000  dollars 

1,510,742 

*        444, 711 

490, 810 

2, 446, 263 

Toll-bridge  bonds 

Toll-road  bonds.  .. 

Total 

1  Excludes  refunding. 


ities  participated  in  this  type  of  financing  on 
a  large  scale  until  the  Port  of  New  York  Au- 
thority toll-revenue  bond  issues  of  1926. 
About  the  same  time  the  Kentucky  and  Ohio 
State  Bridge  Commissions  resorted  to  similar 
borrowing.  In  the  1930's  revenue-bond  fi- 
nancing was  further  stimulated  among  the 
States  and  local  units  by  the  Federal  Gov- 
ernment's Reconstruction  Finance  Corpora- 
tion and  Public  Works  Administration 
through  their  policies  of  bond  purchasing  and 
direct  grants  for  self-liquidating  projects. 

In  more  recent  years  toll-revenue  financing 
has  been  largely  undertaken  by  independent 
State  authorities  created  for  specific  purposes. 
Usually  the  revenue  derived  from  the  facility 
is  the  sole  pledge  for  the  redemption  of  the 
bonds.  Notable  among  such  authorities  con- 
cerned with  highway  facilities  are  the  Cali- 
fornia Toll  Bridge  Authority,  Pennsylvania 
Turnpike  Commission,  New  Jersey  Turnpike 
Authority,  and  Triborough  Bridge  and  Tun- 
nel Authority. 

State  highway  obligations,  which  were 
classified  according  to  the  security  pledged 
for  their  retirement  in  table  11  and  figure  10, 
are  classified  according  to  the  purpose  for 
which  the  debt  was  incurred  in  table  12  and 
figure  11.  It  will  be  noted  that  the  total  toll- 
road  and  toll-bridge  bonds  reported  in  table 
12  slightly  exceed  the  toll-revenue  bonds  re- 
ported in  table  11.  This  results  from  the  fact 
that  a  few  toll-facility  bonds  are  general  obli- 
gations of  the  State  in  which  they  are  lo- 
cated. 

As  can  be  observed,  toll-road  bonds  show 
the  greatest  increase — from  $54  million  out- 
standing at  the  end  of  1945  to  $491  million 
outstanding  at  the  end  of  1951.  As  most  of 
the  toll-road  debt  is  relatively  new,  little  of 
it  was  retired  during  the  6-year  period.  Toll- 
free  facility  bonds  show  a  net  increase  in 
the  amount  outstanding  of  about  $240  mil- 
lion, and  toll-bridge  bonds  a  net  increase  of 
$130  million.  It  is  noteworthy  that  the 
amount  of  toll-road  debt  outstanding  ($491 
million)  now  exceeds  the  toll-crossing  debt 
outstanding  ($445  million)  for  the  first  time. 

It  should  be  pointed  out  that  against  the 
$2.4  billion  in  gross  debt  outstanding  there 
is  approximately  $300  million  in  debt-service 
reserves  of  which  about  $120  million  is  to  be 
applied  against  toll-facility  obligations  and 
the  remaining  $180  million  against  the  toll- 
free  debt  outstanding.  The  debt-service  re- 
serves of  the  Pennsylvania  Turnpike  Com- 
mission and  the  Port  of  New  York  Authority 
constitute  the  greater  portion  of  the  toll- 
facility  reserves. 
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Recent  Examples  of  Credit  Financing  in  the  Highway  Field 


The  remainder  of  this  report  is  devoted  to 
case  studies  of  bond-issue  financing  in  indi- 
vidual States.  Because  of  the  variety  in  the 
kinds  of  bonds  issued,  the  nature  of  the  secu- 
rity, and  the  circumstances  surrounding  the 
issues,  it  has  been  found  desirable  to  segre- 
gate and  discuss  in  turn  examples  of  credit 
financing  under  the  following  main  headings: 
Toll  bridges  and  other  toll  crossings;  toll 
roads;  special  State  authorities;  cooperative 
projects  ;  and  regular  credit  financing  of  State 
highways. 

TOLL  CROSSINGS 

The  use  of  toll-revenue  bonds  to  finance  the 
construction  of  expensive  bridges  is  a  time- 
honored  practice.  Many  bridges  that  are 
now  free  were  originally  constructed,  or  pur- 
chased from  private  owners,  with  the  pro- 
ceeds of  revenue  bonds  that  have  since  been 
retired  from  toll  collections.  The  States  of 
Kentucky  and  Ohio,  among  others,  have  pro- 
vided many  bridges  in  this  manner.  The  Fed- 
eral Government  has  recognized  the  special 
character  of  toll  bridges  by  legislative  acts 
which  authorize  the  use  of  Federal-aid  funds 
in  freeing  toll  bridges  on  the  Federal-aid  sys- 
tem, by  providing  not  to  exceed  50  percent  of 
the  cost ;  and  also  the  use  of  Federal  funds  in 
the  construction  of  toll  bridges,  provided  that 
they  shall  become  free  when  the  cost  to  the 
State  or  local  government  has  been  retired 
(23). 

Since  the  toll-revenue  method  of  financing  is 
usually  reserved  for  the  more  difficult  and 
expensive  crossings,  it  is  not  surprising  that 
some  of  the  more  imposing  highway  facilities 
of  this  type  are  toll  crossings.  Among  those 
constructed  in  the  past  are  the  San  Francisco- 
Oakland  Bay  and  Golden  Gate  Bridges  in  Cali- 
fornia, and  the  George  Washington  Bridge 
and  the  Holland  and  Lincoln  Tunnels  con- 
necting New  York  and  New  Jersey.  Four 
bridges — the  Delaware  Memorial,  (he  Tacoma 
Narrows,  the  Chesapeake  Bay,  and  Lower 
Tampa  Bay  Bridges — are  discussed  here  as 
illustrating  postwar  developments  in  the  field 
of  toll  crossings. 

Delaware   Memorial  Bridge 

The  Delaware  Memorial  Bridge,  completed 
in  1951,  was  constructed  in  order  to  eliminate 
the  New  Castle-Pennsville  Ferry,  a  bottle- 
neck to  interregional  traffic  along  the  Atlantic 
seaboard.  It  was  undertaken  by  the  State  of 
Delaware  which  created  a  special  Delaware 
Crossing  Division  in  its  Highway  depart- 
ment to  handle  the  construction,  financing, 
and  operation.  A  $40-million  revenue-bond 
issue  was  sold  in  June.  1948  at  a  premium  of 
0.5  percent,  with  interest  at  4  percent  and 
maturity  scheduled  for  1978,  with  provision 
for  call  and  redemption  at  a  premium  in 
1953  or  thereafter.  In  1951,  a  supplemental 
issue  of  $3.9  million  was  sold,  with  interest  at 
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percent,   to   provide  funds   necessary    to 
complete  construction. 

The  bridge,  carrying  four  lanes  of  traffic, 
has  a  total  length,  including  approaches,  of 
10,750  feet  and  includes  a  2,150-foot  suspen- 
sion span.  It  connects  U  S  40  and  U  S  13  in 
Delaware  with  important  routes  in  New  Jer- 
sey, including  the  New  Jersey  Turnpike,  and 
thereby  effects  a  direct  highway  connection 
between  Washington  and  Baltimore  and  the 
New  York  metropolitan  area. 

Tacoma  Narrows   Bridge 

The  Tacoma  Narrows  Bridge,  originally  a 
two-lane  suspension  structure,  was  first  com- 
pleted i  n  1940 ;  but  shortly  thereafter  the  deck 
structure  collapsed  due  to  unusual  wind  con- 


ditions in  the  area — the  famous  "Galloping 
Gertie"  episode.  Reconstruction  was  delayed 
several  years  as  elaborate  aerodynamic  stud- 
ies were  necessary  to  perfect  a  safer  bridge 
design.  The  new  structure  utilizes  portions 
of  the  original  piers  and  towers  and  carries 
four  traffic  lanes.  The  deck  design  incorpo- 
rates unusual  features  to  allow  for  wind  pres- 
sures. 

Financing  of  the  new  bridge  was  accom- 
plished through  the  Washington  Toll  Bridge 
Authority  in  March  194S  with  the  sale  of  a 
$14-million  revenue-bond  issue.  The  Toll 
I '.ridge  Authority  encountered  great  difficulty 
in  selling  the  bonds  and,  after  repeated  efforts 
had  failed,  it  entered  into  an  agreement  with 
Pierce  County,  Wash.,  whereby  that  county 


The   Chesapeake   Hay   Bridge,   Maryland. 
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Eastern  extension  of  the  Pennsylvania  Turnpike. 


guaranteed  interest  payments  up  to  $1.5  mil- 
lion which  it  derived  by  issuing  its  own  gen- 
eral-obligation bonds.  The  $1.5  million  was 
designated  as  the  Tacoina  Narrows  Toll 
Bridge  county  aid  fund,  and  can  be  drawn 
upon  when  toll  revenues  do  not  meet  inter- 
est requirements  on  the  toll-bridge  bonds. 
Even  with  this  guarantee  the  $14-million  reve- 
nue issue  sold  at  95  percent  of  par  with  nomi- 
nal interest  at  3%  percent.  The  bridge  was 
opened  to  traffic  October  15,  1950.  The  reve- 
nues to  date  are  considerably  in  excess  of  the 
preliminary  estimates  and,  if  continued  at  the 
present  level,  will  assure  the  financial  suc- 
cess of  the  bridge. 

Chesapeake  Bay  Bridge 

A  toll  crossing  of  Chesapeake  Bay  in 
Maryland  is  one  of  the  primary  postwar  high- 
way projects  in  that  State.  Financial  ar- 
rangements were  made  in  1948  with  the  issue 
of  $37.5  million  toll-revenue  bonds  at  par.  In- 
terest was  3.2  percent  on  $19  million  of  term 
bonds  maturing  in  1972,  and  2%  to  3  percent 
en  .'>ls. 5  million  of  serial  bonds.  Higher  costs 
encountered  during  the  following  year  made 
it  necessary  to  sell  an  additional  $6,425,000  of 
term  bonds  bearing  interest  at  3.2  percent  and 
maturing  in  1972.  Completion  is  scheduled 
Cor  July  1952. 

The  enabling  statute  required  that  out- 
standing debt  of  the  Chesapeake  Bay  Ferry 
System  be  redeemed  before  revenue  bonds 
could  be  issued.  Revenues  derived  from  the 
operation  of  existing  toll  bridges  on  the  Poto- 
mac and  Susquehanna  Rivers  are  to  be  com- 
bined with  those  of  the  Chesapeake  Bay 
Bridge  for  debt  service.  Of  the  proceeds  of 
the  $37.5  million  issue,  $362,000  were  used  to 
refund  the  outstanding  toll-bridge  revenue 
bonds. 

In  view  of  the  established  earning  power 
of  the  Susquehanna  and  Potomac  River 
Bridges,  the  security  prospects  of  the  Chesa- 
peake Bay  Bridge  bonds  are  excellent.  In 
fact,  during  1949  and  1950,  $3,466,000  of  excess 
toll  revenues  from  those  two  bridges  were 
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deposited  in  the  Chesapeake  Bay  Bridge  con- 
struction fund.  The  earnings  of  the  Susque- 
hanna and  Potomac  River  Bridges,  now  debt 
free,  average  over  $2  million  a  year,  which  is  a 
substantial  share  of  the  average  annual  debt 
service  of  $2.8  million  on  the  Chesapeake  Bay 
Bridge  bonds.  Thus  there  is  in  Maryland  the 
beginning  of  a  system  of  toll-bridge  financing, 
wherein  a  bridge  is  not  made  toll-free  when 
its  debt  is  paid ;  but  instead  its  continued 
earnings  are  used  to  buttress  the  security  of 
new  enterprises. 

Lower   Tampa   Bay   Bridge 

The  crossing  of  Lower  Tampa  Bay  in  Flor- 
ida involves  a  30-year  term  issue  of  $21.5-mil- 
lion  revenue  bonds  by  the  Florida  State  Im- 
provement Commission,  sold  in  September 
1951.  The  issue  was  sold  at  par  and  bears 
interest  at  3%  percent.  In  connection  with 
this  bridge  the  State  Improvement  Commis- 
sion received  authority  in  1949  to  acquire 
from  the  St.  Petersburg  Port  Authority  the 
ferry  now  serving  the  traffic  at  the  projected 
bridge  crossing.  Surplus  revenue  from  the 
ferry  may  be  applied  to  the  bridge  construc- 
tion fund.  Contracts  for  the  bridge  were  let 
shortly  after  the  bonds  were  sold  in  Septem- 
ber 1951.  As  of  November  30,  1951,  $11,730,- 
000  in  construction  contracts  h^d  been  let. 
Unlike  other  State  Improvement  Commission 
issues,  the  Lower  Tampa  Bay  Bridge  bonds 
are  not  secured  by  a  portion  of  the  State 
•  i  dine  tax,  but  only  by  the  earnings  of  the 
toll  bridge. 

TOLL  ROADS 

The  modern  toll  road  is  a  comparatively 
recent  development.  Although  numerous 
turnpikes  were  constructed  during  the  early 
nineteenth  century,  following  completion  of 
the  Philadelphia-Lancaster  Turnpike  in  1795, 
most  of  these  ventures  were  not  financially 
profitable.  As  the  toll  system  was  abandoned, 
the  turnpikes  reverted  to  public  ownership. 
Turnpikes   did   not  play  an   important  part 


in  the  era  of  highway  improvement  that  fol- 
lowed the  advent  of  the  automobile.  The 
modern  toll-road  movement  may  be  said  to 
have  begun  with  the  construction  of  the  Penn- 
sylvania Turnpike  in  1938-40. 

Toll  roads  are  superficially  similar  to  toll 
bridges  and  other  toll-crossing  facilities  in 
that  they  are,  or  purport  to  be,  self-support- 
ing enterprises.  However,  an  important  dif- 
ference is  the  circumstance  that  a  toll  bridge 
or  other  crossing  is  a  monopoly  or  near-mo- 
nopoly capable  of  serving  all  traffic  desiring 
to  cross  at  that  point,  while  a  toll  road,  be- 
cause of  its  necessarily  limited  number  of 
points  of  access,  cannot  serve  purely  local 
traffic  traveling  short  distances.  There  is 
no  important  difference  in  the  adequacy  of 
service  rendered  all  traffic  by  a  toll  bridge 
and  a  free  bridge.  A  toll  road,  however,  is  a 
supplementary  facility  for  a  special  class  of 
traffic  and,  alone,  cannot  adequately  serve  all 
traffic. 

It  is  not  the  purpose  of  this  article  to  dis- 
cuss the  advantages  and  disadvantages  of  j 
toll  roads.  However,  a  brief  discussion  of 
the  toll  roads  that  have  been  built,  are  under 
construction,  or  planned,  is  appropriate.  A 
complete  treatment  of  the  modern  toll-road 
situation  will  be  found  in  Toll  Roads  and  the 
Problem  of  Highway  Modernisation,  by 
Owen  and  Dearing  (2J,). 

Pennsylvania   Turnpike   Commission 

Article  IX,  section  4  of  Pennsylvania's 
State  constitution  prohibits  the  State  from 
incurring  debt  except  to  meet  casual  deficits 
or  to  repel  invasions.  Further  restric- 
tions limit  the  amount  of  debt  that  can 
be  incurred  to  meet  casual  deficits  to  $1  mil- 
lion. By  means  of  amendments  to  the  con- 
stitution, debt  in  excess  of  this  amount  can 
be  incurred ;  but  two  consecutive  sessions  of 
the  legislature  must  act  favorably  on  the! 
proposed  amendment,  and  it  is  then  sub- 
mitted to  the  electorate.  A  further  restric- 
tion on  amendments  is  that  no  particular  sec- 
tion of  the  constitution  can  be  amended  more 
often  than  once  in  5  years. 

Despite  these  difficulties  Pennsylvania,  in 
1918,  passed  an  amendment  which  authorized 
the  incurrence  of  debt  for  highway  purposes 
up  to  $50  million.  Five  years  later  a  similar 
amendment  raised  this  authorization  to  $100 
million.  In  1933  another  amendment  author 
ized  the  State  to  issue  bonds  up  to  $10  million 
for  the  purchase  of  privately  owned  toll 
bridges  which  were  located  wholly  within 
the  State,  but  no  bonds  were  issued  for  this 
purpose  until  1949. 

In  spite  of  precedents  for  the  issuance  of 
general-obligation  bonds  by  constitutional 
amendment,  Pennsylvania  has  seen  fit  to  ere 
ate  special  authorities  empowered  to  issue 
bonds  backed  only  by  the  credit  of  the  au 
thority.  Among  the  Pennsylvania  authorities 
created  for  the  purpose  of  issuing  bonds  arc! 
the  Pennsylvania  Turnpike  Commission,  the' 
State  Highway  and  Bridge  Authority,  and  the 
General  State  Authority.  The  latter  has  noli 
issued  any  bonds  for  highway  purposes,  al- 
though highways  are  within  the  scope  of  its1 
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authorized  activities.  Of  the  three,  only  the 
Pennsylvania  Turnpike  Commission  has  con- 
structed toll  roads.  The  Pennsylvania  Turn- 
pike Commission,  an  instrumentality  of  the 
Commonwealth  of  Pennsylvania,  was  created 
by  Act  No.  211  of  the  General  Assembly,  ap- 
proved May  31,  1937,  Public  Law  774,  as 
amended  by  the  Acts  of  May  24,  1945,  Public 
Law  972,  and  Feb.  26,  1947,  Public  Law  17. 

The  Turnpike  Commission  consists  of  five 
residents  of  the  Commonwealth,  one  of  whom, 
the  Secretary  of  Highways,  is  ex-officio  a 
member.  The  other  four  members  are  ap- 
pointed by  the  Governor  with  the  advice  and 
consent  of  two-thirds  of  the  Senate.  The 
Commission  is  authorized  and  empowered  to 
construct,  operate,  and  maintain  a  turnpike 
through  the  Allegheny  Mountains,  and  to  ac- 
quire right-of-way  and  to  construct  tunnels 
and  bridges  necessary  to  provide  an  all- 
weather,  low-grade  highway  between  the  east- 
ern and  western  sections  of  the  Common- 
wealth. The  Commission  is  further  author- 
ized by  the  act  to  issue  revenue  bonds  of  the 
Commonwealth,  not  only  for  the  purpose  of 
paying  the  cost  of  the  turnpike,  but  also  for 
the  purpose  of  refunding  any  bonds  then  out- 
standing. Under  provisions  of  the  act  such 
bonds  shall  not  be  deemed  to  be  a  debt  of  the 
Commonwealth  or  a  pledge  of  the  faith  and 
credit  of  the  Commonwealth,  and  the  Com- 
monwealth is  not  directly,  indirectly,  or  con- 
tingently obliged  to  levy  or  to  pledge  any 
form  of  taxation  or  to  make  any  appropria- 
tion for  their  payment.  When  all  debt  re- 
quirements are  satisfied  the  turnpike  becomes 
a  part  of  the  system  of  Stat.'  highways,  free 
of  tolls. 

The  Pennsylvania   Turnpike 

The  original  turnpike  constructed  under 
authority  of  this  act  extends  from  Middlesex 
to  Irwin.  The  construction  of  this  first  sec- 
tion of  the  Pennsylvania  Turnpike  was  fi- 
nanced by  the  proceeds  of  a  $40.8-million  bond 
issue  and  a  PWA  grant  of  $29.25  million. 
This  section  also  had  the  advantage  of  utili- 
zing millions  of  dollars'  worth  of  grading 
and  some  tunnel  work  done  by  the  never- 
finished  South  Penn  Railroad. 

The  acts  of  May  16,  1940,  Public  Law  949, 
and  of  June  21,  1947,  Public  Law  877,  au- 
thorized the  Commission  to  construct  the 
eastern  or  Philadelphia  extension  of  the 
Turnpike  and  the  acts  of  June  11, 1941,  Public 
Law  101,  and  of  June  21,  1947,  Public  Law 
877,  granted  it  the  authority  to  construct  the 
western  extension. 

Construction  on  the  first  section  of  the 
Turnpike  began  in  1938  and  it  was  opened 
to  traffic  October  1,  1940.  Work  on  the  east- 
ern extension  began  in  September  1948,  and 
it  was  opened  to  traffic  in  October  1950.  The 
western  extension  was  begun  in  October  1949 
and  was  opened  in  December  1951.  The  Com- 
mission now  has  the  authority  to  construct 
connecting  links  north  to  the  New  York  Thru- 
way,  south  to  the  Maryland  border,  and  also 
to  construct  connections  with  the  New  Jersey 
Turnpike. 

The  disinclination  of  the  Commonwealth  to 
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Table  13. — Bond  issues  of  the  Pennsylvania  Turnpike  Commission 


Year  issued 


1943- 
19IG  2 

I'M  - 

1948 
1949 


Term  (in 

Interest 

years) 

rate 

Percent 

30 

3.  75 

30 

3.75 

30 

2.  50 

20 

2.25 

40 

3.25 

40 

2.90 

Par  value 


$40.  son,  oon 

1.500,000 

40,0 00 

47.  000.  000 
87.  000,  000 
77,  500,  COO 


Premium  or 

Accrued 

discount  ' 

interest 

-$3,368,911 

$235, 087 

+19,  500 

23,  281 

+431,940 

5, 43 1 

-1,034,000 

223,250 

-1,914,000 

536,915 

-1,550,000 

742,917 

Net  proceeds 


066, 776 
542,781 
437,371 
189,  250 
622.  915 
692.917 


1  Premium  shown  as  plus;  discount  as  minus. 


pledge  its  full  faith  and  credit  to  the  revenue 
hiinds,  or  to  issue  general-obligation  bonds  for 
the  construction  of  the  Turnpike,  was  re- 
flected in  the  high  interest  rate  the  bonds 
carried  and  the  substantial  discounts  at  which 
the  bonds  were  sold.  Table  13  gives  the  bond 
transactions  of  the  Commission  from  its  in- 
ception to  date. 

The  1938  issue  of  $40.8  million  and  the  1943 
issue  of  $1.5  million  (both  due  in  1968)  were 
retired  in  1946  by  a  refunding  issue  of  $46 
million  bearing  a  2.50  percent  interest  rate. 
Although  the  issuance  of  the  refunding  bonds 
was  presumably  dictated  for  reasons  of  econ- 
omy, it  also  appeared  to  be  a  matter  of  neces- 
sity. The  Turnpike  was  opened  to  commer- 
cial traffic  just  14  months  before  the  entrance 
of  this  country  into  World  War  II,  and  during 
the  war  years  did  not  earn  sufficient  revenue 
to  meet  current  expenditures,  with  the  result 
that  there  was  no  accumulation  of  surplus 
for  debt  reduction.  Since  operating  funds 
were  depleted  to  make  up  the  difference  be- 
tween current  revenue  and  current  expendi- 
tures, it  became  necessary  for  the  Commission 
to  acquire  more  capital.  Of  the  extra  proceeds 
i  $3.7  million)  over  the  amount  necessary  for 
refunding  purposes,  $1,692,000  was  used  to 
pay  a  call  premium  of  4  percent  on  the  re- 
funded issue.  $1,500,000  was  earmarked  for 
construction,  and  the  remaining  $508,000,  plus 
$432,000  in  premiums,  was  presumably  avail- 
able for  debt  service  or  other  purposes. 

In   1948,   refunding  bonds   of   $47   million 
bearing  an  interest  rate  of  2.25  percent  were 


2  Refunding  is  sue 


issued  to  retire  and  to  pay  interest  on  the 
$45,086,000  of  2.50's  then  outstanding.  The 
2.50's  were  called  on  December  1,  1951,  at 
104,  the  call  premium  amounting  to  almost 
$2  million. 

During  1950  and  1951  interest  charges 
amounted  to  $7.2  million  annually  while  the 
gross  debt  outstanding  at  the  end  of  1951 
was  about  $208  million.  Interest  require- 
ments on  the  present  debt  will  be  about  $6 
million  in  1952  and  will  gradually  decrease 
thereafter  as  the  debt  is  extinguished,  drop- 
ping to  about  $4  million  at  the  end  of  20  years. 
The  debt-service  schedule  provides  for  total 
principal  and  interest  payments  of  from  $9 
to  $10  million  annually  until  the  debt  is  com- 
pletely retired  in  1988. 

The   Maine   Turnpike 

The  Maine  Turnpike  was  the  first  postwar 
toll  facility  and  consists  of  47  miles  of  high- 
way between  Kittery  and  Portland.  It  is 
financed  and  operated  by  the  Maine  Turnpike 
Authority,  a  body  established  by  the  legisla- 
ture in  1946  with  authority  to  finance,  build, 
andvoperate  a  toll  highway  from  Kittery  to 
Fort  Kent  on  the  Canadian  boundary  in  the 
northern  part  of  the  State.  There  has  been 
some  consideration  of  toll  projects  north  of 
Portland,  but  the  47  miles  between  Kittery 
and  Portland  comprise  the  Maine  Turnpike 
at  this  time. 

The  original  financing  was  accomplished 
through  the  issuanpe  in  1946  of  $15  million 


The  Maine  Turnpike. 
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Table   14. — Maine  Turnpike   receipts 

ami   expenditures,    1947 

-50 

1947 

1949 

1950 

1951 

dollars 
19 

dollars 

655 
12 
15 

dollars 

842 
25 
5 

l.i  ii  ID 
dollars 

1,008 
29 

4 

1,000 

•loll a  is 

1,182 

30 

5 

19 
5 

682 

275 
514 

872 

278 
523 

1,041 

277 
530 

1,217 

288 

529 

Expenditu 



5 

1  I 

789 
-107 

801 
71    ' 

807 
234 

817 
400 

i  Opened  to  traffic  Dec.  13,  1947. 

iii  toll-revenue  term  bonds  bearing  2%  percent 
interest  and  maturing  in  30  years.  The  issue 
was  sold  at  approximately  95.75  percent  of 
par.  When  later  studies  showed  that  the  total 
cost  would  be  greatly  in  excess  of  the  original 
engineering  estimates,  an  additional  $5  mil- 
lion in  term  bonds  bearing  2%  percent  interest 
was  sold  in  1947.  These  also  sold  at  a  dis- 
count. In  1949,  an  additional  $GO0,OO0-issue 
of  revenue  bonds  was  sold  in  order  to  finish 
the  construction  and  provide  some  funds  to 
operate  the  facility. 

The  Maine  Turnpike  earned  gross  revenues 
of  $1,217,000  during  the  calendar  year  1951, 
an  increase  of  17  percent  over  1950  and  39  per- 
cent over  1949.  An  indication  of  the  ade- 
quacy of  these  revenues  to  service  the  out- 
standing $20,307,000  revenue  bonds  ($293,000 
retired  in  1951)  is  shown  in  table  14,  which 
presents  receipts  and  expenditures  for  the 
various  years,  and  the  net  revenues  available 
for  sinking  funds  or  bond  redemption.  It 
would  appear  that  if  the  traffic  and  revenues 
of  the  Turnpike  continue  to  increase  it  should 


be  able  to  liquidate  its  obligations.  However, 
it  appears  to  have  been  skating  on  rather  thin 
ice  during  the  first  4  years  of  its  operation. 

In  1949  and  1950,  90  percent  of  the  traffic 
on  the  Turnpike  was  passenger  vehicles, 
which  earned  84.2  percent  of  toll  revenues  in 
1949  and  82.1  percent  in  1950.  Passenger, 
especially  tourist,  traffic  is  vital  to  the  rev- 
enues of  the  Turnpike,  and  any  diminution 
of  passenger  revenues  that  might  result  in 
the  future  is  likely  to  have  disastrous  effects 
on  the  Turnpike's  solvency. 

The  New  Hampshire   Turnpike 

The  New  Hampshire  Turnpike,  extending 
from  Seabrook  on  the  Massachusetts  line  to 
Portsmouth,  where  it  connects  directly  with 
the  Maine  Turnpike,  is  15  miles  in  length. 
The  majority  of  the  traffic  on  this  facility 
is  of  out-of-State  origin,  and  represents  pri- 
marily vacation  travel  en  route  to  recrea- 
tional areas  in  northern  New  England  and 
the  Maritime  Provinces. 
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The  .'Vic  Hampshire  Turnpike. 


The  State  used  extreme  care  in  financing 
this  project,  and  avoided  the  high  financing 
charges  and  interest  costs  during  construc- 
tion characteristic  of  other  toll-road  facili- 
ties. The  facility  was  constructed  by  the 
State  Department  of  Public  Works  and  High- 
ways and  financed  by  the  issuance  of  short- 
term  notes  which  were  purchased  by  private 
banking  houses.  In  April  1951  the  State  is- 
sued general-obligation  bonds  for  various  pur- 
poses amounting  to  $12.6  million  of  which  $7 
million  were  for  the  purpose  of  refunding  the 
toll-road  notes.  These  bonds  (due  1952-76) 
bear  an  interest  rate  of  1.60  percent  and  were 
sold  at  a  slight  premium,  100.107.  Thus  the 
net  interest  rate  to  the  State  was  only  1.588 
percent. 

During  the  first  full  year  of  operation  (July 
1,  1950,  to  June  30,  1951)  the  gross  revenue 
of  the  facility  totaled  $391,000,  with  main- 
tenance and  operation  charges  amounting  to 
$39,000.  The  sum  of  $175,000  was  trans- 
ferred to  the  sinking  fund,  although  no  inter- 
est charges  on  the  bonds  fell  due  in  this 
period.  On  the  assumption  that  the  bond  issue 
represents  the  total  cost  of  the  project,  $280,- 
000  per  year  will  be  needed  for  principal 
amortization  alone. 

The  Neiv  Jersey  Turnpike 

The  New  Jersey  Turnpike,  which  extends 
IIS  miles  across  the  State  from  the  Dew 
Delaware  Memorial  Bridge  on  the  Delaware 
River  below  Wilmington,  Del.,  to  the  George 
Washington  Bridge,  which  connects  New  Jer- 
sey with  New  York  City,  was  opened  to  traffic 
in  January  1952. 

The  construction,  operation,  and  mainte- 
nance of  the  Turnpike  are  being  undertaken 
by  the  New  Jersey  Turnpike  Authority,  es- 
tablished by  the  legislature  in  1948.  The  first 
and  foremost  problem  of  the  Authority  was 
to  determine  the  most  suitable  means  of  fi- 
nancing the  project.  The  Authority  was  par- 
ticularly anxious  to  avoid  the  heavy  bond 
discounts  and  interest  charges  during  con- 
struction which  are  usually  associated  with 
toll-road  financing.  If  financing  were  to  be 
carried  on  in  the  usual  manner,  investment 
underwriting  groups  had  estimated  that  a 
total  of  $245  million  in  capital  funds  would 
be  necessary  to  finance  the  cost  of  construc- 
tion, of  which  approximately  $25  million  would 
have  been  for  interest  payments. 

Special  legislation  allowed  the  Turnpike 
Authority  to  utilize  a  unique  alternative  plan 
of  financing.  A  negotiated  agreement  was 
effected  with  50  insurance  companies  and 
other  institutional  investors  whereby  as  much 
as  required  of  the  estimated  $220  million  was 
supplied  to  the  Authority  on  a  forward-com- 
mitment basis.  The  Authority  drew  funds 
from  this  committed  amount  as  construction 
progressed  and.  in  turn,  issued  bonds  of  an 
equivalent  amount,  the  bonds  bearing  an  in- 
terest rate  of  3%  percent.  This  arrangement 
minimized  interest  charges  during  construc- 
tion and  guaranteed  the  sale  of  bonds  at  par. 
A  special  fee  of  0.5  percent  of  the  total  com- 
mitment was  paid  to  the  investors  by  the  Au- 
thority.     The    New    Jersey    Turnpike    bonds 
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are  callable  in  10  years  from  the  date  of  issu- 
ance at  103,  with  a  steadily  decreasing  scale 
of  premiums  for  bonds  called  after  10  years. 

In  September  1951  the  Authority  found  it 
necessary  to  ask  the  bondholders  to  approve 
an  additional  $35-million  bond  issue  to  com- 
plete the  Turnpike.  According  to  the  Au- 
thority, construction  costs  had  exceeded  the 
original  estimates  and  additional  funds  were 
required  to  effect  completion.  The  necessary 
two-thirds  of  the  bondholders  granted  their 
approval  and  the  issue  was  sold  in  October 
1951.  The  new  issue  bears  an  interest  rate 
of  3.20  percent  and  the  selling  price  was  98.15. 

At  the  time  that  the  Authority  asked  ap- 
proval of  the  additional  $35-million  bond  is- 
sue it  also  asked  for  power  to  issue  extension 
bonds  to  finance  construction  of  direct  con- 
nections of  the  New  Jersey  Turnpike  with  the 
Pennsylvania  Turnpike  (estimated  cost,  $12 
million)  and  with  the  New  York  Thruway 
(estimated  cost,  $30  million).  The  Authority 
is  also  studying  the  feasibility  of  constructing 
a  bridge  across  Newark  Bay  to  connect  the 
Port  Street,  Newark,  interchange  to  the  Hud- 
son County  peninsula. 

The  Turnpike  Authority  has  adopted  a 
schedule  of  toll  rates  for  the  Turnpike  which 
is  somewhat  different  from  those  in  effect  on 
most  toll  roads.  The  rates  charged  for  the 
full  118  miles  range  from  $1.75  for  passenger 
cars  to  $5.00  for  the  larger  trucks.  However, 
the  toll  rates  on  the  northern  end  of  the 
Turnpike  are  considerably  higher  than  the 
rates  charged  on  the  southern  section.  Truck 
rates  are  rather  low  in  comparison  with  those 
in  effect  on  the  Pennsylvania  Turnpike.  The 
low  truck  rates  were  considered  necessary  to 
attract  truck  traffic,  as  the  New  Jersey  Turn- 
pike offers  trucks  less  advantages  over  com- 
peting routes  than  does  the  Pennsylvania 
Turnpike. 

The  New  York   Thruway 

The  constitution  of  the  State  of  New  Tork 
prohibits  the  State  from  incurring  debt  ex- 
cept to  repel  invasion,  to  suppress  insurrec- 
tion, to  defend  the  State,  and  to  suppress  for- 
est fires.  Tax-anticipation  notes  can  be  is- 
sued. The  constitution  can,  however,  bs 
amended  in  order  to  provide  for  incurring  ad- 
ditional debt.  Two  successive  legislatures 
must  approve  the  amendment  and  it  is  then 
submitted  to  the  electorate  for  final  approval. 

In  1942,  legislation  was  passed  which  en- 
abled the  State  Public  Works  Department  to 
proceed  with  the  construction  of  the  New 
York  Thruway  extending  from  New  York  City 
to  Buffalo.  In  1945  a  committee  of  engineers 
investigated  the  possibilities  of  installing  a 
conventional  toll  system  on  the  Thruway  and 
reported  that  such  a  system  would  not  pro- 
duce sufficient  funds  to  finance  its  construc- 
tion, because  of  the  impracticability  of  col- 
lecting tolls  for  the  large  volumes  of  local 
traffic  in  the  vicinity  of  the  various  cities 
along  the  route,  and  the  fact  that  the  volume 
of  long-distance  travel  alone  would  not  pro- 
duce sufficient  revenue  to  amortize  the  cost 
of  the  project. 
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The  New  Jersey  Turnpike:  Newark-Jersey  City  interchange. 


In  a  report  of  March  4,  1950,  the  Governor's 
Thruway  Committee,  appointed  to  consider 
a  new  plan  for  making  the  Thruway  self- 
supporting,  proposed  the  establishment  of  a 
State  Thruway  Authority  with  power  to  fi- 
nance, construct,  and  operate  the  Thruway. 
The  Committee  recommended  continuance  in 
1950-51  of  the  Thruway  construction  from 
State  funds,  supplemented  by  Federal  funds 
wherever  possible ;  early  completion  of 
studies,  plans,  estimates ;  and  a  constitutional 
amendment  to  place  the  State's  credit  back 
of  the  Authority's  bonds  to  obtain  a  great 
savings  in  interest  costs. 

The  Committee  further  recommended  that 
the  amortization  of  bonds  issued  to  construct 
the  Thruway  should  be  financed  by  issuance 
of  a  special  permit  or  license  on  an  annual 
basis  to  all  Thruway  users.  The  Committee's 
report  envisaged  these  stages  of  financing : 
Continue  building  the  Thruway  from  State 
funds  until  the  Authority's  financial  struc- 
ture is  perfected ;  thereafter,  issue  Authority 
short-term  notes  for  construction  ;  and,  if  the 
people  will  approve  State  backing  of  the  Au- 
thority's obligation  by  constitutional  amend- 
ment, issue  Authority  bonds  to  finance  com- 
pletion of  the  Thruway  and  to  retire  the  Au- 
thority's earlier  notes  and  pay  back  the  State. 

Thruway   Authority   Created 

On  March  21,  1950,  the  Governor  signed  the 
New  York  State  Thruway  Authority  Act, 
creating  a  three-man  board  to  be  known  as 
the  New  York  State  Thruway  Authority.  One 
member  is  designated  as  chairman  and  is  the 
chief  executive  officer  of  the  Authority.  The 
members  are  appointed  by  the  Governor  with 
the  advice  and  consent  of  the  Senate.  The 
Authority  is  a  public  corporation,  and  was 
granted  all  the  powers  necessary  to  construct 
the  Thruway.  It  has  the  right  to  possess  and 
use  State  property,  but  upon  assuming  such 


jurisdiction  it  shall  be  indebted  to  the  State 
in  an  amount  equal  to  the  cost  of  construc- 
tion by  the  State  of  Thruway  improvements 
on  such  property. 

The  Authority  has  the  power  to  issue  bonds 
not  to  exceed  $500  million.  The  term  of  such 
bonds  cannot  exceed  40  years  in  length,  and 
the  bonds  cannot  be  sold  at  less  than  9S  per- 
cent of  their  face  value,  nor  can  the  interest 
be  more  than  3%  percent.  The  Authority  can 
issue  bond-anticipation  notes  and  has  the 
power  to  renew  them  from  time  to  time.  All 
bonds  issued  by  the  Authority  are  to  be  gen- 
eral obligations  of  the  Authority  payable  from 
any  of  its  revenues.  To  the  extent  authorized 
by  the  constitution  at  the  time  bonds  and 
notes  are  issued,  the  payment  of  the  bonds 
or  notes  is  fully  and  unconditionally  guar- 
anteed by  the  State. 

The  1950  and  1951  legislatures  acted  favor- 
ably on  a  constitutional  amendment  author- 
izing the  State  to  issue  general-obligation 
bonds  of  $500  million  for  the  construction  of 
the  Thruway,  and  in  November  1951  the  elec- 
torate gave  the  amendment  final  approval  by 
voting  overwhelmingly  for  its  adoption.  Un- 
til such  time  as  the  bonds  are  sold  the  con- 
struction expenditures  are  being  met  by  pro- 
ceeds of  short-term  notes  and  regular  State 
appropriations. 

On  September  28,  1950,  the  Authority  em- 
barked on  its  short-term  finance  program.  It 
borrowed  $10  million  in  short-term  loans  at 
1%  percent  interest  from  14  banks,  backed  by 
an  agreement  with  two  life-insurance  com- 
panies to  buy  an  equal  amount  of  refunding 
long-term  bonds  2  years  hence.  This  agree- 
ment provided  that  if  the  Authority  issued 
straight  revenue  bonds,  forcing  the  banks  to 
buy  them  to  protect  this  loan,  the  two  in- 
surance companies  would  each  purchase  $5 
million  of  the  bonds  from  the  banks  on  a  2% 
percent  basis. 

At  the  same  time  the  Niagara  Frontier  Au- 
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thority,  which  operated  two  toll  bridges  on 
the  Thruway  route,  turned  their  operation 
over  to  the  Thruway  Authority  which  agreed 
to  retire  the  outstanding  bonds  of  the  two 
bridges  and  begin  immediate  construction  of 
Chruway  in  their  vicinity. 

On  .March  31,  L952,  the  Thruway  Authority 
negotiated  its  first  large  loan— $60  million  in 
short-term  notes  bearing  an  interest  rate  of 
1.1  percent  and  due  in  September  1953  were 
sold  to  a  syndicate  of  1!1  banks.  «>f  the  pro- 
ceeds. SKI  million  will  he  used  to  repay  the 
loan  previously  discussed  and  the  remaining 
$50  million  will  he  used  to  advance  construc- 
tion of  the  Thruway.  According  to  latest  re- 
ports the  State  has  already  advanced  $106 
million  to  the  Authority,  of  which  $26  million 
are  to  he  repaid  during  the  1952-53  fiscal 
years. 

Although  the  first  proposal  for  collection  of 
on  the  Thruway  was  by  the  sale  of 
special  permits  or  annual  licenses,  this  has 
been  abandoned  in  favor  of  a  combined  permit 
and  toll  financing  system.  This  latest  pro- 
posal by  the  Authority's  consulting  engineers 
recommends  toll  booths  at  54  of  the  94  inter- 
change points  plus  five  toll  barriers  at  the  ends 
of  the  main  toll-paying  section  and  six  bar- 
riers on  the  spur  sections.  The  proposed 
rates  are  as  follows  (25)  :  Passenger  cars  reg- 
istered in  New  York  State,  $10  annual  fee  or 
1  cent  a  mile;  out-of-State  passenger  cars, 
1  cent  a  mile ;  busses,  3.5  cents  per  mile ; 
trucks  less  than  7,000  pounds  unloaded  weight, 
1  cent  a  mile ;  and  trucks  over  7,000  pounds 
unloaded  weight,  2  to  6  cents  per  mile  (aver- 
age :!.:;  cents).  There  would  be  special  toll 
fees  on  the  Tarrytown-Nyack  Bridge  across 
the  Hudson  River. 

This  new  proposal  is  the  result  of  the  State's 
new  truck  weight-distance  tax.  Thruway 
officials  had  planned  to  charge  truckers  a  flat 
annual  fee  but  felt  they  had  to  change  their 
plans  to  conform  to  the  tax  the  trucks  would 
be  paying  on  other  State  highways. 

According  to  the  latest  information  avail- 
able (March  1952),  41  miles  of  Thruway  were 
open  to  traffic  and  100  miles  were  under  con- 
struction. The  Thruway  Authority's  objec- 
tive is  the  completion  of  the  entire  535-mile 
route  by  1954. 

Fernandina  Port  Authority 

Article  IX.  section  G,  of  the  constitution  of 
Florida  provides  that  the  legislature  shall 
have  power  to  provide  for  issuing  State  bonds 
onl3  for  the  purpose  of  repelling  invasion  or 
suppressing  insurrection,  or  for  the  purpose 
Of  or    refunding    bonds    already 

issued,  al   a   lower  rate  of  interest. 

Although  the  Slate  of  Florida  has  no  recog- 
nized bonded  debt,  the  Stale  indirectly  uses 
borrowing  as  a  means  of  financing  highway 
improvements  by  resorting  to  lease-purchase 
agreements  with  the  counties,  municipalities, 
Special  districts,  and  the  Florida  Stale  Im- 
provement Commission.  As  required  by  Chap- 
ter -is.-,:;,  Acts  of  1943,  the  Constitutional 
State  Board  of  Administration  administers 
the  bonds  issued  Cor  the  construction  of 
bridjj  lighways   leased   for   a   term   of 
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more  than  1  year  or  purchased  under  in- 
stallment-purchase agreements  by  the  State 
Road  Department.  The  State  Road  Depart- 
ment rentals  are  paid  from  the  80-percent 
surplus  gasoline-tax  funds3  of  the  county  or 
counties  in  which  the  road  or  bridge  is  lo- 
cated. 

On  October  21,  194S,  the  State  Road  De- 
partment entered  a  lease-purchase  agreement 
with  the  Fernandina  Port  Authority,  effective 
upon  completion  of  a  toll  road  to  be  con- 
structed by  the  Authority.  The  Port  Author- 
ity issued  $4.6  million  in  revenue  bonds  which 
bore  a  4-percent  interest  rate.  Proceeds  from 
the  sale  of  the  bonds  were  to  be  used  for  the 
construction  of  a  16-mile  toll  road,  connecting 
bridges,  and  ferry  connection  in  Duval  and 
Nassau  Counties.  Construction  started  March 
16,  1949.  The  revenue  bonds  are  not  general 
obligations  of  the  State  or  the  counties  and 
will  be  serviced  from  tolls  and  State  Road 
Department  rentals. 

The  lease-purchase  agreement  between  the 
State  and  the  Port  Authority,  under  which  the 
State  agrees  to  maintain  a  portion  of  the  toll 
road,  does  not  become  effective  until  the  fa- 
cilities have  been  completed  and  put  in  opera- 
tion. The  project  was  not  certified  as  com- 
plete until  February  1952,  although  it  was 
opened  to  traffic  in  the  fall  of  1950.  As  the 
project  has  been  operating  at  a  deficit,  the 
Authority  defaulted  on  the  $92,000  interest 
payment  due  in  November  1951  and  the  State 
Road  Department  agreed  to  make  the  pay- 


3  The  State  Board  of  Administration  receives  the 
entire  proceeds  from  2  cents  of  the  gasoline  tax  for 
the  service  of  county  road  debt  incurred  prior  to 
1931  and,  after  providing  for  current  debt  service 
and  sinking  fund  requirements,  divides  any  surplus 
of  these  funds  accruing  to  the  credit  of  a  county  as 
follows  :  80  percent  to  the  State  Road  Department 
I  o  he  expended  in  said  county  and  20  percent  to  the 
ity  for  use  on  the  county  road  system.  The 
funds  so  distributed  to  the  State  are  commonly 
referred  to  as  80-percent  surplus  gasoline-tax  funds. 


ment.  Reorganization  plans  were  put  into 
effect  by  which  the  State  Board  of  Adminis- 
tration took  over  the  management  of  the 
project,  along  with  the  assets  and  liabilities  of 
the  Authority. 

Other  Toll  Roads 

Four  other  active  toll-road  projects  are  the 
Ohio  Turnpike,  the  Oklahoma  Turnpike,  the 
Denver-Boulder  toll  road  in  Colorado,  and  the 
West  Virginia  Turnpike. 

The  Ohio  Turnpike  is  by  far  the  largest 
undertaking  of  the  four.  It  contemplates  the 
construction  of  a  241-mile  road  from  the  west- 
ern terminus  of  the  Pennsylvania  Turnpike, 
passing  near  Youngstown  and  Akron,  to 
Toledo,  and  thence  to  the  Indiana  State  line. 
It  will  also  pass  within  easy  access  of  Cleve- 
land. The  estimated  cost  is  $326  million. 
After  the  engineering  report  and  the  pre- 
liminary studies  of  the  consulting  engineers 
had  been  accepted  by  the  Turnpike  Commis- 
sion the  information  was  examined  by  the 
financial  advisor  to  a  group  of  interested  in- 
vestment bankers.  The  financial  advisor  ap- 
proved of  the  project  from  a  financial  view- 
point, but  advised  the  investment  syndicate 
not  to  finance  it  because  of  a  legal  flaw  con- 
cerning acquisition  of  right-of-way  in  the  pro- 
visions of  the  Ohio  Turnpike  Act. 

It  appeared  that  the  Commission  could  not 
acquire  right-of-way  until  cash  payment  had 
actually  been  made  for  the  property  involved. 
It  was  feared  that  litigation  could  delay  con- 
struction progress  considerably.  A  special 
session  of  the  Ohio  Legislature  which  con- 
vened December  10  amended  the  Turnpike 
Act  to  overcome  this  objection.  The  amend- 
ment authorizes  the  Commission  to  take  pos- 
session promptly  of  land  condemned  for  right- 
of-way  purposes.  A  friendly  suit,  filed  in  the 
Ohio  Supreme  Court  to  test  constitutionality 
of  the  turnpike  act  and  the  recent  amend- 
ment, resulted  in  a  favorable  decision. 
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On  June  4,  1052,  the  Turnpike  Commission 
sold  $326  million  of  3%-percent  term  bonds, 
maturing  in  40  years.  The  issue  was  sold  at 
07.00  and  re-offered  by  the  underwriters  at 
par. 

The  Oklahoma  Turnpike  will  include  88 
miles  of  road  between  Oklahoma  City  and 
Tulsa,  originally  estimated  to  cost  $31  mil- 
lion. Definite  construction  plans  were  com- 
pleted in  1950,  and  $31  million  of  revenue 
bonds  were  sold  through  an  investment 
underwriting  firm  at  an  average  interest  cost 
of  3.4  percent.  Completion  date  of  this  proj- 
ect is  set  for  January  1953.  Increased  costs 
made  it  necessary  for  the  Authority  to  sell 
an  additional  $7  million  of  bonds  in  June  1952, 
at  an  average  interest  cost  of  3.S4  percent. 
These  bonds  will  mature  in  1990. 

The  Denver-Boulder  toll  road  in  Colorado, 
now  completed,  was  financed  from  the  pro- 
ceeds of  a  $6.3-million  toll-revenue  bond  issue 
sold  at  par,  with  interest  ranging  from  2% 
to  3  percent.  The  State  is  guaranteeing  up 
to  30  percent  of  the  debt  service  on  the  bonds. 
Construction  and  operation  is  being  under- 
taken directly  by  the  State  Highway  Depart- 
ment. 

The  West  Virginia  Turnpike  Commission 
in  April  1952  offered  a  $06-million  revenue- 
bond  issue  which  was  purchased  by  a  large 
banking  syndicate.  The  3.75-percent  bonds 
were  re-offered  to  private  investors  at  a  price 
of  99.  Unverified  reports  indicate  that  the 
syndicate  purchased  the  bonds  at  95  which 
would  mean  that  the  bonds  were  discounted 
$4.8  million,  and  the  net  interest  cost  to  the 
Commission  would  be  about  3.95  percent. 
The  proceeds  of  the  issue  will  be  used  to  fi- 
nance the  construction  of  that  portion  of  the 
Turnpike  between  Charleston  and  Princeton, 
a  distance  of  about  88  miles.  The  Turnpike 
will  be  the  first  of  the  modern  toll  roads  which 
has  only  two  lanes. 

In  other  States — including  Florida,  Georgia, 
Illinois,  Indiana,  Kentucky.  Maryland,  Massa- 


chusetts, North  Carolina,  and  Virginia- 
enabling  legislation  to  establish  toll  facili 
ties  lias  been  enacted  and  active  surveys 
have  begun  on  definite  routes  in  Florida, 
Georgia,  Massachusetts,  North  Carolina,  and 
Virginia. 

SPECIAL  STATE  AUTHORITIES 

Officials  in  many  States  have  been  ham- 
pered in  their  attempts  to  make  capital  im- 
provements by  constitutional  restrictions  on 
the  issuance  of  bonds.  In  most  States  these 
restrictions  have  not  seriously  impeded  the 
credit  financing  of  highways  but  the  amend- 
ing processes  are  time-consuming  and  the  re- 
sults subject  to  varying  political  winds.  In 
some  States  special  authorities  have  been  cre- 
ated and  granted  corporate  powers  to  incur 
debt  for  various  purposes.  These  authorities 
issue  bonds,  construct  facilities,  and  enter  into 
leases  or  rental  agreements  with  various  State 
agencies.  The  rental  or  lease  payments  are 
set  at  a  level  that  will  enable  the  authority 
to  make  debt-service  payments  and  handle 
administrative  costs.  The  bonds  of  these  au- 
thorities are  not  backed  by  the  full  faith  and 
credit  of  the  State. 

Florida,  whose  constitution  flatly  forbids 
the  incurrence  of  debt,  and  Pennsylvania, 
whose  constitutional  restrictions  are  rather 
rigid,  are  the  two  States  in  which  special  au- 
thorities are  being  used  with  considerable 
success. 

Pennsylvania  Authority 

Act  No.  128  of  the  General  Assembly,  ap- 
proved April  18,  1949,  Public  Law  604.  cre- 
ated the  State  Highway  and  Bridge  Authority 
of  Pennsylvania.  The  Authority  is  a  public 
corporation  and  governmental  instrumental- 
ity, created  for  the  purpose  of  constructing 
and  operating  State  highway  facilities.    Along 


Pottsville  bypass  in  Pennsylvania. 


with  i lie  usual  rights  and  powers  of  a  cor- 
poration, the  Authority  has  been  granted  the 
tollowing  powers : 

1.  To  acquire  under  agreement  with  the 
Department  of  Highways,  with  the  approval 
of  the  Governor,  State  highways,  bridges, 
easements,  or  rights-of-way  necessary  or  de- 
sirable for  carrying  out  its  purposes,  or  to 
lease  from  the  Department  any  property  now 
owned  or  hereafter  acquired  by  the  Common- 
wealth, for  a  term  not  exceeding  99  years,  at 
a  nominal  rental  or  at  such  annual  rental  as 
may  be  determined.  The  Authority  can  lease 
to  the  Commonwealth  or  to  the  Department 
of  Highways  any  project  at  any  time  con- 
structed by  the  Authority,  or  any  property  at 
any  time  acquired,  or  it  can  sell,  transfer,  or 
convey  to  the  Commonwealth  any  constructed 
project  or  any  property  acquired  by  it. 

2.  To  fix,  alter,  charge,  and  collect  rates, 
rentals,  and  other  charges  for  the  use  of  the 
facilities  of,  or  for  services  rendered  by,  the 
Authority,  or  projects  thereof,  for  the  pur- 
pose of  providing  the  funds  necessary  to  ful- 
fill the  purpose  of  the  Authority,  including 
the  payment  of  principal  and  interest  on  its 
obligations. 

.",.  To  borrow  money,  make  and  issue  notes 
or  bonds  not  to  exceed  $40  million  (the  1951 
legislature  increased  this  to  $80  million). 

4.  To  borrow  money  or  accept  grants  or  to 
enter  into  contracts,  leases,  and  other  agree- 
ments with  any  Federal  agency. 

No  project  can  be  undertaken  without  the 
approval  of  the  Department  of  Highways. 
The  Authority  cannot  pledge  the  credit  or  tax- 
ing power  of  the  Commonwealth,  nor  are  its 
debts  to  be  deemed  the  obligations  of  the 
Commonwealth,  nor  is  the  Commonwealth  li- 
aBle  for  interest  and  principal  payments  on 
its  obligations.  No  project  can  be  leased  to 
the  Department  of  Highways  for  a  period  in 
excess  of  30  years. 

The  Governor  of  the  State,  State  Treasurer, 
Auditor  General,  Secretary  of  Internal  Af- 
fairs, Secretary  of  Highways,  the  Speaker  of 
the  House,  President  pro  tern  of  the  Senate, 
the  minority  leaders  in  both  houses,  and  three 
citizens  of  Pennsylvania  are  members  of  the 
governing  board.  The  Authority  was  form- 
ally  organized   May   3,   1949. 

In  December  1949  the  Authority  sold  $15 
million  in  bonds  at  a  price  of  99.567.  The 
bonds  bore  interest  rates  varying  from  1.0 
percent  to  1.25  percent,  and  the  basis,  or  effec- 
tive interest  rate,  was  1.2534  percent.  In 
April  1051  $25  million  in  bonds  were  sold  at 
a  price  of  98.9043  with  an  effective  interest 
rate  of  1.5909  percent. 

The  first  highway  and  bridge  construction 
program  of  major  projects  approved  by  the 
Authority  Board  consisted  of  22  projects  at 
an  estimated  cost  of  $53,598,710,  including 
$14,375,000  in  Federal  aid.  The  program  was 
revised  by  action  of  the  Authority  Board  on 
September  25,  1950,  to  27  projects  at  an  esti 
mated  cost  of  approximately  $54  million — $39, 
382,117  to  be  provided  by  the  Authority  and 
approximately  $15  million  to  be  received  in 
Federal  aid.  Through  November  30,  1051. 
the  Authority  had  made  payments  to 
tractors  amounting  to  about  $20  million. 
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Construction  under  way  on  the  Jachsonvilli 
Expressway  in  Florida. 


All  projects  now  on  the  Authority's  program 
will  require  a  little  more  than  $96.5  million 
in  State  Highway  and  Bridge  Authority  funds. 
and  in  excess  of  $31  million  in  Federal  aid 
funds.  Of  the  total  program,  projects  in- 
volving an  estimated  $43  million  of  Authority 
Hinds  are  still  in  the  planning  stage,  and  no 
Federal  funds  have  been  programed.  Recenl 
legislation  lias  increased  the  Authority's  debt 
limit  to  $80  million. 

The  State  Department  of  Highways  has 
met  right-of-way  costs  on  all  of  the  Author- 
ity's projects,  and  the  Authority  has  also 
made  use  of  the  Department's  surveys,  plans, 
and  construction  inspectors.  Among  the 
projects  completed,  under  construction,  or 
planned  by  the  Authority,  with  their  costs, 
.ire  the  North  Bridge  at  Harrisburg,  $7,063,- 
000;  the  Schuylkill  Expressway  in  Montgom- 
ery ('.unity.  $19,072,000;  the  Penn-Lincoln 
Parkway,  $26,014,000;  and  the  Pottsville  by- 
pass. $2,776,000.  Included  in  the  cost  figures 
of  the  Schuylkill  and  Penn-Lincoln  projects 
are  Federal  participation  funds  of  $6,940,000 
and  $13,133,000,  respectively. 

After  each  project  is  opened  to  traffic  the 
Authority  charges  the  motor  license  fund  a 
yearly  rental  which  will  amortize  the  cost  of 
the  projecl  over  a  10-year  period.  The  Au- 
thority's projects  are  toll  free. 

Florida  Improvement   Commission 

The  Florida  Slate  Improvement  Commis- 
sion, nvatcd  by  chapter  120,  Florida  Statutes. 
1941,  is  composed  of  the  Governor,  the  Chair- 
man of  the  State  Road  Commission,  and  three 
appointed  members.  The  purpose  of  the  leg- 
islation creating  the  Improvement  Commis 
sion,  as  amended,  is  to  create  a  State  agency 
primarily  to  make  possible  and  facilitate  the 
acquisition,  construction,  maintenance,  and 
operation  of  public  buildings,  facilities,  and 
works  for  Slate  purposes;  to  assist,  in  effec- 
tuating postwar   planning  ami   construction; 
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lo  relieve  unemployment;  to  accept  and  use 
in  carrying  out  these  purposes  loans  or  grants 
of  money  appropriated  by  the  Congress  of  the 
United  Stales;  and  to  promote  the  general 
welfare.  Although  the  Florida  State  Im- 
provement Commission  is  authorized  to  issue 
revenue  bonds  for  the  construction  of  facili- 
ties, such  as  airports  and  public  buildings, 
of  the  type  Unit  can  be  owned  and  operated  by 
an  agency  of  the  Stale,  only  the  operations 
pertaining  to  highway  facilities  are  discussed 
here. 

Upon  application  by  any  county  and  ap- 
proval by  the  State  Road  Department,  the 
Florida  State  Improvement  Commission  is  au- 
thorized to  construct  roads  or  bridges  con- 
necting State  highways,  and  to  finance  such 
projects  by  the  issuance  of  revenue  bonds 
payable  from  revenues  accruing  to  the  Com- 
mission from  the  State  Road  Department  un- 
der lease-purchase  agreements.  The  issuance 
of  the  bonds  must  be  approved  by  the  State 
Board  of  Administration,  which  administers 
all  bonds  issued  to  finance  the  construction 
or  purchase  of  bridges  or  highways  leased 
for  a  term  of  more  than  1  year,  or  purchased 
under  installment-purchase  agreements  by  the 
State  Road  Department  from  any  public  body, 
county,  or  other  public  bridge  authority. 

The  Florida  State  Improvement  Commis- 
sion issued  a  little  more  than  $9  million  worth 
of  bonds  in  1947  and  1948  for  roads  in  14 
counties.  In  general,  the  projects  constructed 
with  these  bend  issues  were  not  on  principal 
State  routes  and,  with  the  exception  of  a 
$3.6-million  Palm  Beach  County  issue,  the  is- 
sues in  each  county  were  for  $600,000  or  less. 
The  State  Road  Department  rentals  are  paid 
from  the  80-percent  surplus  gas  tax4  accruing 
to  the  credit  of  the  counties  in  which  the 
roads  are  located.  The  roads  are  toll  free 
and  are  maintained  by  the  State. 

On  September  25,  1950,  the  Improvement 
Commission  sold  a  $28-million  bond  issue  car- 
rying a  net  interest  rate  of  2.6187  percent  to 
finance  part  of  the  cost  of  construction  of 
the  Jacksonville  Expressway  System,  con- 
sisting of  interstate  expressways,  arterial 
connections,  and  two  new  bridges  (the 
Arlington  Bridge  and  the  Interstate  Bridge) 
over  the  St.  Johns  River.  At  that  time, 
the  estimated  cost  of  the  Jacksonville 
Expressway  System  was  $41,818,000,  of  which 
the  State  Road  Department  was  to  pro- 
vide $13,818,000,  including  Federal  aid. 
Debt-service  payments  will  be  made  from 
rentals  received  from  the  State  Road  Depart- 
ment under  the  lease-purchase  agreement. 
The  State  Road  Department  rentals  will  be 
paid  from  tolls  collected  on  the  two  bridges, 
and  from  the  80-percent  surplus  gasoline  tax 
revenue  accruing  to  the  State  Road  Depart- 
ment for  use  in  Duval  County.  Maintenance 
and  toll-collection  costs  will  be  paid  by  the 
State  Road  Department  from  other  funds. 
However,  the  State  Road  Department  is  en- 
titled to  reimbursement  from  the  Arlington 
and  Interstate  Bridge  tolls  for  the  cost  of 
operation,  extraordinary  repairs,  and  replace- 


4  For   an   explanation   of   the   80-percent   surplus 
:as  tax  see  footnote  ■"•  p.  80. 


ments  of  capital  assets  of  these  two  bridges, 
but  only  after  all  bonds  of  series  T  (term 
bonds  maturing  in  1980)  have  been  paid,  and 
only  after  all  required  payments  for  debt  serv- 
ice and  reserves  for  the  serial  bonds  have  been 
fully  made.  The  State  Road  Department  is 
not  entitled  to  reimbursement  for  such  costs 
incurred  on  other  parts  of  the  system. 

With  the  consent  of  the  City  of  Jackson- 
ville and  Duval  County,  the  system  has  been 
designated  by  the  State  Road  Department  as 
a  controlled-access  highway. 

Definite  plans  have  been  made  by  the  State 
Road  Department,  the  Florida  State  Improve- 
ment Commission,  and  Broward  County  for 
the  construction  of  tunnels  and  bridges  in 
Broward  County  at  a  total  cost  of  approxi- 
mately $15  million  of  which  $13  million  will 
be  borrowed  and  $2  million  will  be  contributed 
by  the  State  Road  Department.  The  bonds 
would  carry  a  pledge  of  tolls  from  the  bridges 
and  tunnels  and  the  80-percent  surplus  gas- 
oline tax. 

By  the  end  of  1950  the  Commission  had 
issued  over  $37  million  in  bonds  of  which 
$36.8  million  were  outstanding.  Inclusion  of 
the  Tampa  Bay  Bridge  toll-revenue  bonds 
previously  discussed  pushes  this  amount  close 
to  $60  million. 

COOPERATIVE  PROJECTS 

In  recent  years  there  has  been  an  increasing 
number  of  projects  in  which  two  or  more 
governmental  units  have  cooperated.  The  in- 
clusion of  specified  amounts  of  secondary  and 
urban  funds  in  the  Federal-aid  highway  acts 
has  probably  influenced  this  cooperativeness 
in  that  it  was  necessary  that  the  State  confer 
with  the  local  governmental  units  in  program- 
ing these  funds.  These  cooperative  projects 
vary  in  magnitude,  and  the  following  discus- 
sion is  concerned  with  the  financing  of  a  few 
of  the  larger  and  more  prominent  ones. 

Atlanta  Expressway  System 

As  envisioned  by  the  plans  and  recommenda- 
tions of  consultants  employed  by  the  Georgia 
State  Highway  Department,  the  Atlanta  Ex- 
pressway System  would  bisect  the  city  as  near 
the  center  as  possible.  The  two  legs  of  the 
system,  one  running  north-south  and  the  other 
east-west,  would  relieve  traffic  flow  into  and 
through  the  city.  The  proposed  plan,  sub- 
mitted in  1945,  was  estimated  to  cost  over 
$60  million.  As  construction  costs  and  real- 
estate  values  have  increased  considerably 
since  that  time,  the  total  cost  today  is  esti- 
mated at  nearly  $80  million. 

In  order  to  finance  their  shares  of  the  pro- 
gram, Fulton  County  issued  $12.5  million,  and 
the  city  of  Atlanta  issued  approximately  $4 
million,  of  traffic-improvement  bonds.  Urban 
Federal-aid  and  State  funds  of  approximately 
$12  million  have  been  added  to  the  bond 
funds,  making  a  total  of  $28.5  million  avail- 
able for  the  project.  The  city  is  now  consider- 
ing further  credit  financing  proposals  for  the 
continuation  of  the  project. 

At  the  time  the  bond  issues  were  voted  it 
was  agreed  by  the  city  and  county  that  they 
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would  each  appoint  five  members  to  a  bond 
commission  for  purposes  of  advising  the  two 
units  of  government  in  the  expenditure  of 
the  fund.  This  commission,  known  as  the 
Joint  Bond  Commission,  recommends  the  al- 
location of  all  bond  funds  to  projects  con- 
sidered most  essential,  and  their  recommen- 
dations are  carried  out  by  the  engineer-secre- 
tary of  the  commission. 

The  first  contract  was  let  in  the  latter  part 
of  194S  and  work  began  in  early  1949.  Since 
that  time  five  other  contracts  have  been  let, 
extending  the  expressway  portion  under  con- 
tract to  about  12  miles.  Three  miles  of  the 
expressway  (north-south  leg)  are  now  open 
to  traffic,  and  3%  miles  more  will  soon  be 
opened. 

The  Atlanta  Expressway  System  is  actually 
a  system  of  freeways,  being  completely  con- 
trolled-access  roads  with  no  grade  crossings 
to  interfere  with  free  traffic  flow.  The  down- 
town section  is  six  lanes,  divided,  while  out- 
lying sections  are  four  lanes,  divided. 

In  developing  this  system,  the  city  and 
county  acquire  rights-of-way  and  State  and 
Federal  funds  are  used  for  construction.  In 
the  downtown  section  it  was  found  that  the 
cost  of  right-of-way  and  cost  of  construction 
are  approximately  the  same,  running  in  gen- 
eral from  $1.5  million  to  $2.0  million  per  mile 
for  each. 

Cook   County   and   Chicago 

For  many  years  the  traffic  problem  in  and 
around  the  Chicago  metropolitan  area  has 
been  a  subject  of  much  study.  Some  progress 
had  been  made  towards  alleviating  this  con- 
gestion by  the  construction  of  the  Outer  Drive 
and  Wacker  Drive  in  Chicago,  but  these  two 
projects  aided  relatively  little  in  relieving  the 
total  problem. 

By  1944  plans  for  a  proposed  system  of  ex- 
pressways for  the  Chicago  area  were  adopted 
and  a  committee  of  engineers  representing  all 
interested  parties  recommended  that  the  proj- 
ects be  built  cooperatively  by  the  Federal  Gov- 
ernment, State,  county,  and  city.  The  agreed- 
upon  system  comprises  approximately  190 
miles. 

In  1946  Cook  County  and  the  city  of  Chicago 
submitted  superhighway  bond  issue  proposals 
to  the  electorate  and  both  issues,  the  city's 
$42  million  and  the  county's  $70  million,  were 
approved.  The  Illinois  Supreme  Court  de- 
clared the  county  issue  invalid,  but  the  1947 
Illinois  General  Assembly  passed  enabling  leg- 
islation which  authorized  Cook  County  to  is- 
sue the  $70  million  in  superhighway  bonds 
without  referendum,  and  further  authorized 
the  county  not  only  to  levy  taxes  for  debt 
service  on  the  bonds  but  also  to  use  the 
county's  share  of  the  motor-fuel  tax  fund  for 
debt  service.  To  date  Cook  County  has  issued 
$35  million  of  superhighway  bonds  and  the 
city  has  issued  $29  million.  The  county's 
bonds  bear  an  interest  rate  of  2%  percent,  and 
those  of  the  city  1%  percent. 

This  cooperative  program,  of  which  the  por- 
tions within  the  city  of  Chicago  total  67  miles 
with  an  estimated  cost  of  $446  million,  is 
progressing  at  a  fairly  rapid  rate.     It  is  the 
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unusual  cooperativeness  of  the  four  partici- 
pating units  of  government  involved  that  is 
unique.  Some  of  the  projects  are  financed 
jointly  by  the  Federal,  State,  county,  and  city 


governments ;  others  by  the  Federal  Govern- 
ment, State,  and  county ;  still  others  are  joint 
ventures  of  the  State,  county,  and  city,  or  of 
the  State  and  county.  The  Cook  County 
Highway  Department  prepares  plans  and  sells 
them  to  the  State.  The  city  and  county  buy 
right-of-way  for  the  State  and  let  contracts 
in  which  they  advance  the  State's  portion  of 
the  costs. 

Michigan  Revenue  Bonds 

Articles  III  and  X  of  the  Michigan  con- 
stitution prohibit  the  State  from  incurring 
debt  except  to  cover  casual  deficits  ($250,000 
limit),  to  repel  invasion,  to  suppress  insur- 
rection, and  to  defend  the  State.  By  means 
of  constitutional  amendments  debt  in  excess 
of  the  constitutional  limitations  can,  be  in- 
curred. However,  the  pledge  of  specific  reve- 
nues by  the  State  Highway  Commissioner  for 
the  retirement  of  the  limited-access  highway 
revenue  bonds  provided  for  in  Act  No.  22. 
Public  Acts  of  1950,  is  not  held  to  be  an  in- 
fringement of  constitutional  limitations. 

This  act,  approved  June  7,  1950,  amended 
Act  No.  205,  Public  Acts  of  1941,  providing  for 
the  establishment  and  maintenance  of  lim- 
ited-access highways  by  inserting  the  word 
"construction"  in  the  title  and  making  specific 
provisions  for  financing  the  improvements 
made  under  authorization  of  the  1941  act. 

These  acts  grant  the  State  Highway  Com- 
missioner, boards  of  county  road  commission- 
ers, and  cities  and  villages,  either  acting  alone 
or  in  cooperation  with  each  other,  or  with  any 
Federal,  State,  or  local  agency,  the  authority 
to  undertake  the  construction  and  mainte- 
nance of  controlled-access  highways,  and  all 
other  powers  necessary  for  such  accomplish- 
ments. Plans  and  specifications  are  reviewed 
by  the  State  Highway  Commissioner  and  cost 
estimates  are  obtained.  After  their  approval, 
the  State  Highway  Commissioner  may  enter 
into  contract  with  the  participating  govern- 
mental units  providing  for  the  acquisition, 
construction,  or  improvement  of  the  proposed 
controlled-access  highways.  The  contracts 
must  provide  for  the  allocation  of  the  share 
of  the  cost  which  is  to  be  paid  by  each  par- 
ticipating governmental  unit,  and  the  payment 
of  the  costs  in  annual  installments  which 
cannot  exceed  a  period  of  30  years.  The  con- 
tracts are  to  be  executed  by  the  State  High- 
way Commissioner  after  approval  by  the  State 
Administrative  Board  and  by  all  other  par- 
ticipating governmental  units. 

The  State  Highway  Commissioner  is  au- 
thorized to  make  annual  contributions  to  the 
cost  of  construction  from  all  or  any  highway- 
user  imposts  and  to  make  an  irrevocable 
pledge  of  such  funds,  but  such  contributions 
from  funds  of  the  State  Highway  Department 
are  not  to  exceed  $3.5  million  annually.  The 
counties,  cities,  and  villages  are  also  author- 
ized to  make  an  irrevocable  pledge  of  high- 
way-user imposts  received  from  the  State,  and 
of  any  contributions  of  funds  received  from 
the  Federal  Government,  or  from  any  other 
source,  for  the  projects. 

The  act  authorizes  the  governmental  units 
that  are  parties  to  such  contracts  to  borrow 
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money  and  issue  negotiable  revenue  bonds  or 
notes.  The  bonds  and  notes  issued  under  this 
ai  i  are  secured  by  the  irrevocable  pledge  of  the 
annual  contributions  required  to  fulfill  the 
contract  agreements.  The  bonds  are  not  to  be 
general  obligations  of  the  issuing  govern- 
mental units,  but  are  to  be  payable  from  the 
proceeds  of  highway-user  funds  received  by 
each  of  the  units  from  the  State  and  from 
other  pledged  funds,  including  Federal  funds. 
The  total  amount  of  bonds  and  notes  cannot, 
at  any  time,  exceed  $200  million.  The  bonds 
issued  under  this  act  are  not  construed  to  be  a 
pledge  of  the  full  faith  and  credit  of  the  State 
of  Michigan.  The  title  of  the  bonds  will  be 
Limited-Access  Highway  Revenue  Bonds. 

In  November  1951,  $80  million  in  State  of 
Michigan  Limited- Access  Highway  Revenue 
Bonds,  Series  I,  were  issued.  The  bonds,  ma- 
turing from  1955  through  1976,  sold  at  a  slight 
premium  ( $40,000 ) ,  and  the  interest  cost  to  the 
State  was  2.1246  percent.  The  State  pledged 
a  minimum  annual  payment  of  $2.5  million, 
and  Wayne  County  and  the  city  of  Detroit 
each  pledged  minimum  annual  payments  of 
$1.25  million  for  debt  service.  The  proceeds  of 
the  issue  will  be  used  for  the  construction  of 
the  Edsel  B.  Ford  and  the  John  C.  Lodge 
Expressways.  The  total  cost  for  the  comple- 
tion of  the  two  expressways  is  estimated  at 
$134  million,  and  it  is  anticipated  that  Fed- 
eral funds  will  make  up  (lie  major  portion  of 
the  remaining  $54  million.    The  official  state- 


ment, issued  to  prospective  bond  buyers  prior 

to  the  sale  on  November  20,  1951,  in  outlining 

the  purpose  and  need  of  the  issue,  states : 

The  pay-as-you-go  basis  upon  which  the 

construction    has    proceeded     thus    far 

would,  if  continued,  require'  a  period  of 

at   least  15  years  to  complete  the  two 

expressways.      All    of   the   participating 

governmental  units  are  agreed  that  this 

plan  is  much  too  slow,  as  a  tremendous 

need  now  exists  for  the  expressways.    To 

expedite  the  construction  so  that  they  can 

be  completed  in  an  estimated  period  of 

not  more  than  5  years,  the  present  plan 

of  financing  has  been  worked  out. 

Texas  Expressways 

Houston,  Dallas,  Fort  Worth,  San  Antonio, 
and  Austin,  Texas,  have  embarked  on  large 
urban  expressway  projects.  These  projects 
are  cooperative  ventures  of  the  cities,  coun- 
ties, State,  and  Federal  Government. 

The  Houston  Urban  Expressway  System,  as 
agreed  upon  by  the  State  Highway  Commis- 
sion and  the  city  of  Houston,  will  cost  an 
estimated  $60  to  $75  million  for  construction, 
plus  $25  million  for  right-of-way.  The  cost 
of  the  Central  Expressway  in  Dallas  is  esti- 
mated at  $23  million  including  right-of-way. 
The  cost  of  the  San  Antonio  Expressway  is 
estimated  at  $10  million.  No  figures  are 
available    on    the    estimated    cost    of    Fort 


Table   15. — Application   of  proceeds   from   urban  highway  borrowings,  exclusive  of  refund- 
ing issues,  in  Texas 


Foi  urban  extensions  of  State  high- 

wa\  s 

For  local  city  streets 

Total  ' 

Right-of- 
way 

Construc- 
tion 

Total 

Capital 
outlays 

Equipment 
and  other 

Total 

1,000  dollars 
1,491 

2.  956 

5,  045 

16,  193 

1,000  dollars 

1,000  dollars 
1,491 
i,  566 

■J,  295 
7,588 

18,996 

1,000  dollars 
2.447 
11,752 
9.578 
12.  827 
11,  286 

47,  890 

1,000  dollars 
20 
35 

317 

88 

942 

1,292 

1,000  dollars 
2,  407 
11,787 
9,785 
12.915 
12,  228 

49, 182 

1,000  dollars 
3,  958 
16, 353 
12,841 
15,210 
19,816 

68,  178 

1946 

-  1,018 

100 

42 

1,  643 

2,803 

1947 

1949 

Total 

rar ;;:,';  ' '»  -"  short-term  borrowings  arc  reported  in  this  tabic  while  table  7  shows  only  the 
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Worth's  17.6  miles  of  expressways  or  for  the 
Austin  program.  In  all  of  these  projects  the 
cities  are  acquiring  the  rights-of-way  and  pay- 
ing all  right-of-way  costs.  In  most  of  the 
projects,  design  and  construction  costs  are 
shared  by  the  State  and  Federal  Governments. 
A  downtown  section  of  the  Dallas  Expressway 
will  be  constructed  by  the  city  with  the  State 
paying  half  the  costs. 

Although  all  these  cities  have  incurred 
large  amounts  of  street  debt  in  recent  years, 
none  of  the  issues  have  specifically  earmarked 
any  of  the  proceeds  for  expressways,  with  one 
exception :  Austin  issued  approximately  $1 
million  in  right-of-way  bonds  for  expressways. 
Reports  received  from  the  State  Highway 
Department,  however,  indicate  that  sizable 
portions  of  the  proceeds  of  urban  highway 
bond  sales  were  devoted  to  right-of-way  and 
construction  expenditures  on  urban  exten- 
sions of  the  State  highway  system.  The  re- 
ported facts  are  given  in  table  15.  It  is  rea- 
sonable to  assume  that  the  bulk  of  the 
expenditures  on  urban  extensions  of  the  State 
highway  system  were  made  on  the  expressway 
systems. 

REGULAR    CREDIT    FINANCING    OF 
STATE  HIGHWAYS 

The  spectacular  achievements  of  recent 
years  in  the  fields  of  urban  expressways  and 
toll  roads  and  bridges  have  tended  to  over- 
shadow the  more  prosaic  but  nonetheless  solid 
accomplishments  that  have  been  made  possi- 
ble by  the  judicious  use  of  general-  or  limited- 
obligation  bonds  issued  by  certain  States 
for  the  purpose  of  accelerating  a  carefully 
planned  highway  program.  In  these  States 
the  public  evidently  felt  that  the  advantages 
of  accelerating  the  highway  program  by  issu- 
ing bonds  more  than  offset  the  interest  costs 
incident  to  credit  financing.  It  was  also  evi- 
dent that,  although  the  highway-user  tax 
structure  had  been  revised  in  order  to  finance 
the  long-range  program,  some  of  the  highways 
were  so  deficient  that  their  reconstruction  was 
a  matter  of  immediate  concern  to  all  inter- 
ested parties  and  could  not  be  delayed  until 
such  time  as  revenues  from  increased  taxes 
became  available. 

Among  the  States  that  have  recently  issued 
general-obligation  or  limited-obligation  bonds 
in  the  more  or  less  traditional  fashion  are 
Arkansas,  Delaware,  Louisiana,  Maine,  Mary- 
land, Massachusetts,  Mississippi,  Montana, 
New  Hampshire,  New  Jersey,  New  Mexico, 
New  York,  North  Carolina,  Oregon,  South 
Carolina,  Vermont,  Washington,  and  West 
Virginia.  Examples  of  credit-financing  activ- : 
ities  of  these  types  in  eight  States  will  be 
considered. 

Maine   and  New   Hampshire 

The  Maine  highway-needs  study,  published! 
in  1949,  outlined  an  accelerated  program  re- 
quiring $27  million  in  bond  issues.  This 
amount  was  approved  by  referendum  vote 
in  September  1951.  Bonds  will  be  issued  at 
an  annual  rate  of  $4  million  for  6  years  and 
$3  million  in  the  seventh  year.     The  entire 
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Table  16. — Recent  highway  bond  issues  in  the  Commonwealth  of  Massachusetts 


Date  of  issue 

Amount           «           Friee            Matu- 

November  1950 
Mav  1951 

$60,  000, 000 

_'n.  iiiiO.OOO 

20,  000,  000 

4,000,000 

1.25 
1.50 

1.75 
1.75 

100.00539 

10(1.0685 
Kill.  12 
100.  2 

1951-60 
1952  in 
1952  Hi 
1961-66 

November  1951 
November  1951 

■construction  program,  including  bond  pro- 
ceeds and  Federal  aid,  will  average  $14  mil- 
lion annually  for  7  years  and  $8.4  million  for 
the  following  12  years.  Deficiencies  on  1,367 
miles  of  the  Maine  State  highway  system  will 
be  corrected,  together  with  those  on  233  miles 
of  Federal-aid  secondary  roads  not  on  the 
State  system.  The  first  $4-million  bond  is- 
sue will  probably  be  sold  during  the  fiscal 
year  1953. 

The  New  Hampshire  Department  of  Pub- 
lic Works  and  Highways  has  outlined  a  15- 
year  program  for  correcting  deficiencies  on 
3,700  miles  of  State  primary  and  secondary 
roads  at  a  cost  of  $90  million.  In  1951  the 
gasoline  tax  was  increased  from  4  cents  to  5 
cents  per  gallon  in  order  to  pay  interest  and 
principal  on  a  $14-million  bond  issue.  It  is 
expected  that  the  legislature  will  authorize 
further  bond  issues  as  the  program  pro- 
gresses.  Since  1947  New  Hampshire  has 
been  financing  a  large  part  of  its  construction 
program  by  issuing  short-term  notes  which 
may  be  funded  into  long-term  bonds  at  a 
later  date.  In  1947,  1949,  and  1951  note  au- 
thorizations of  $7  million  were  made  for 
State  highways.  These  short-term  notes  are 
in  addition  to  the  $14-million  bond  issue  au- 
thorized in  1951.  Altogether,  $2G  million  of 
highway  and  turnpike  bonds  have  been  pro- 
vided for. 

Massachusetts   Financing 

The  Commonwealth  of  Massachusetts, 
towards  the  end  of  World  War  II,  was  con- 
fronted with  the  problem,  common  to  many 
States,  of  coping  with  the  anticipated  tre- 
mendous increases  in  traffic  with  a  highway 
system  inadequate  for  even  wartime  traffic. 
Officials  of  the  Department  of  Public  Works 
were  fully  aware  of  the  staggering  high- 
way needs ;  but  because  of  the  unpre- 
dictability of  future  appropriations  they 
could  not  plan  a  cohesive  long-range  highway 
program.  Diversion  of  highway  funds  to  non- 
highway  purposes  was  another  factor  con- 
tributing to  this  lack  of  financial  ability,  as 
was  also  the  relatively  low  motor-fuel  tax  of 
3  cents  per  gallon. 

In  view  of  this  situation,  long-range  high- 
way-needs studies  were  undertaken  and  re- 
ported to  the  legislature  in  194S.  There  were 
two  reports,  one  dealing  with  the  Boston 
metropolitan  area  and  one  with  the  State 
highway  needs  exclusive  of  the  Boston  area. 
The  plans  recommended  for  adoption  by  the 
two  reports  carried  a  price  tag  of  $662  million, 
almost  equally  divided  between  the  Boston 
metropolitan  area  and  the  remainder  of  the 
State.  The  report  Master  Highway  Plan  for 
the  Boston  Metropolitan  Area  prepared  by 
Charles  A.  Maguire  and  Associates,  consult- 


ing engineers,  recommended  the  completion 
of  the  program  within  10  years  and  that  cur- 
rent revenues  be  supplemented  by  the  issuance 
of  bonds. 

Chapter  306,  Acts  of  1949,  approved  in  May 
1949,  authorized  a  highway  bond  issue  not  to 
exceed  $100  million.  The  act  specified  the 
areas  in  which  most  of  the  proceeds  of  the 
bonds  were  to  be  used :  $8  million  to  be  ex- 
pended by  the  Metropolitan  District  Commis- 
sion ;  $37  million  for  projects  in  the  Boston 
metropolitan  area  ;  $53  million  for  projects  ex- 
clusive of  the  Boston  metropolitan  area ;  and 
$2  million  for  traffic  safety  devices  on  State 
highways  and  on  roads  constructed  under 
section  34,  Chapter  90  of  the  General  Laws. 

In  July  1950  chapter  685,  Acts  of  1950,  au- 
thorized another  $100-million  highway  bond 
issue.  Again,  the  legislature  specified  the 
areas  in  which  the  proceeds  of  the  issue  were 
to  be  expended — the  same  as  for  the  preceding 
authorization  except  that  the  third  item  was 
increased  to  $54  million  and  the  fourth  re- 
duced to  $1  million. 

In  November  1950  the  State  issued  $60  niir- 
lion  of  highway-improvement  bonds.  In  both 
May  and  November  1951,  $20  million  in  bonds 
were  issued,  completing  the  issue  authorized 


by  the  1949  act.  Also,  in  November  1951,  $4 
million  of  the  1950  authorization  were  issued. 
Table  16  gives  the  detail  on  the  highway  bonds 
issued  to  date. 

Debt-service  payments  are  made  from  the 
highway  fund,  but  the  bonds  are  general  ob- 
ligations of  the  State.  The  1951  legislatu it- 
increased  the  motor-fuel  tax  from  3  cents  to 
4.3  cents  in  order  to  provide  the  necessary 
debt-service  funds. 

The  careful  planning  preceding  the  issu- 
ance of  the  bonds  enabled  the  Department  of 
Public  Works  and  the  Metropolitan  District 
Commission  to  initiate  the  bond  construction 
program  without  delay.  Under  the  provi- 
sions of  the  1949  act  the  Department  was  au- 
thorized to  expend  $92  million.  As  of  De- 
cember 1,  1951,  construction  costs  on  proj- 
ects under  contract  or  completed  were  esti- 
mated at  $65,367,300  and  right-of-way  costs  at 
$17,169,900— a  total  of  $82,537,200.  This  does 
not  include  engineering  costs  or  the  $2  mil- 
lion expended  on  traffic  safety  devices.  The 
1950  authorization  act  contained  essentially 
the  same  provisions  as  the  1949  act.  Prog- 
ress under  this  second  bond  authorization  to 
December  1,  1951,  shows  $22,185,700  in  proj- 
ects completed  or  under  contract  and  right- 
of-way  expenditures  of  $2,229,500— a  total  of 
$2 1,415,200.  This  total  also  excludes  engi- 
neering costs  and  the  traffic  safety  devices 
appropriation  of  $1  million.  The  Metropoli- 
tan District  Commission,  as  of  January  1, 
1951,  had  expended  approximately  $5  million 
of  the  1949  bond  funds.  It  can  be  assumed 
that  the  remaining  funds  have  been  at  least 
obligated  by  this  time.     As  of  July  31,  1951, 
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over  $19  million  of  Fedi  bad  been 

allotted  to  this  program. 

Altogether,  the  Department  of  Public  Works 
has  or  will  have  constructed  approximately 
125  miles  of  modern  highways  with  the  pro- 
ceeds of  the  1949  highway  improvement  bonds. 
our  of  the  mosl  spectacular  projects  is  State 
Route  128,  the  circumferential  route  around 
tiif  city  of  Boston,  constructed  at  a  cost  of 
$20  million.  It  was  opened  to  traffic  in  August 
1951,  and  now  carries  an  average  daily  traffic 
of  23,500  vehicles.  Another  is  the  John  F. 
Fitzgerald  Expressway  in  Boston,  referred  to 
in  its  planning  stage  as  the  Boston  Central 
Artery,  which  will  cost  an  estimated  $30  mil- 
lion, exclusive  of  right-of-way. 

If  shortages  of  material  do  not  delay  the 
program  too  much  it  is  believed  that  the 
Commonwealth  will  be  able  to  correct  some 
of  the  major  deficiencies  of  its  highway  sys- 
tem within  a  very  short  period  of  time.  The 
tremendous  accomplishments  of  the  bond-issue 
program  are  also  being  accompanied  by  a 
fairly  large  construction  program  financed 
with  current  revenues.  The  Massachusetts 
legislature  recently  authorized  an  additional 
$200-million  highway  bond  issue  and  created 
a  toll-road  authority  to  construct  a  toll  road 
from  Boston  to  the  western  border  of  the 
State  (at  an  estimated  cost  of  $150  million). 

Maryland   Program 

Maryland  has  used  credit  financing  for  State 
highways  since  1908,  and  by  1921  had  issued 
more  than  $23  million  in  highway  bonds.  By 
that  year  the  entire  State  highway  system 
had  been  surfaced  with  gravel  or  higher-type 
material.  The  design  of  early  Maryland  roads 
was,  however,  soon  outmoded  by  changing 
traffic  conditions.  The  State  continued  to 
supplement  its  current  revenues  with  bond 
proceeds  almost  without  interruption  until 
1941. 

Maryland  bonds  until  1933  were  full-faith- 
and-credit  obligations  and  were  supported, 
for  the  most  part,  by  property-tax  levies.  The 
issues  in  1933  were  supported  only  by  specific 
highway-user  taxes  as  enumerated  in  the  en- 
abling  legislation. 

Issues  of  $4  million  in  1933  and  $3  million 
in  19.",r)  were  limited-obligation  bonds  for 
widening  and  improving  already  surfaced 
Slate  roads.  The  interest  record  of  these  sub- 
sequent issues  has  been  satisfactory  and  in 
line  with  interest  trends  for  other  high-grade 
State  bonds.  The  103.".  and  1935  issues  carried 
coupon  rates  ,.f  from  2%  to  4  percent.  These 
issues  were  refunded  in  1938  at  3  percent. 
The  l'.Ul  issues  had  rales  of  from  1%  to  2y2 
percent. 

The  State's  postwar  program  has  relied 
heavily  on  issues  of  these  limited-obligation 
bonds.  An  authorization  of  $100  million  was 
made  in  1947,  from  which  issues  of  $25  mil- 
each  were  made  in  1049,  1950,  and  1951. 
The  issues  sold  above  par  and  at  net  interest 
S  of  1.5, 1.45,  and  1.73  percent,  respectively. 

The  legislation  authorizing  this  issue  stipu- 
lated that  at  least  50  percent  of  the  bond 
funds  were  to  be  used  to  pay  the  cost  of  finane- 
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ing,  planning,  and  constructing  projects 
which  have  an  average  traffic  of  3,000  or  more 
vehicles  per  day.  Under  the  authority  of  this 
legislation  the  State  Roads  Commission  (26) 
has  indicated  that  expressway  standards  will 
be  applied  to  routes  having  not  less  than  5,000 
vehicles  per  day,  and  that  controlled  access 
in  lesser  degree  will  be  applied  to  improve- 
ments on  routes  having  not  less  than  3,000 
vehicles  per  day.  Thus  at  least  half  of  the 
$100-million  issue  is  specifically  dedicated  for 
controlled-access  arterial  highways  or  ex- 
pressways. 

Among  the  many  outstanding  projects  on 
which  bond  funds  are  being  used  are  the  Bal- 
timore-Washington Expressway,  the  Wash- 
ington-Annapolis Expressway,  the  improve- 
ment of  U  S  50  on  the  Eastern  Shore  and  the 
improvement  of  U  S  40  west  of  Baltimore. 

North   Carolina  Bonds 

North  Carolina  is  one  of  four  States  where 
all,  or  nearly  all,  rural  roads  are  under  State 
control.  Thus  the  State  has  had  to  spread 
its  available  road-user  funds  over  more  than 
65,000  miles  of  State-administered  roads  and 
streets — by  far  the  largest  network  of  State 
highways  in  the  country.  The  State  was  also 
one  of  the  first  to  envisage  and  execute  a 
State-wide  highway  program  and  borrowed 
$115  million  from  1921  to  1928  to  construct 
the  initial  main  highway  system. 

After  assuming  jurisdiction  of  all  roads  in 
1931,  the  State  found  that  available  current 
revenues  had  to  be  so  widely  spread  that  any 
major  improvement  accomplishments  were  al- 
most impossible.  In  1949  the  voters  approved 
the  issuance  of  a  $200-million  bond  issue,  to  be 
financed  from  the  proceeds  of  an  additional 
1-cent  gasoline  tax,  to  make  possible  the  hard 
surfacing  of  12,000  miles,  and  the  stabilizing 
of  35,000  miles  of  secondary  or  rural  roads 
in  the  State.  It  was  planned  to  complete  the 
program  within  4  years,  beginning  as  soon  as 
possible  after  June  1949.  In  addition  to  the 
pledge  of  gas-tax  revenues,  these  bonds  are 
further  secured  by  the  full  taxing  power  of 
the  State. 

By  October  1,  1951,  a  little  more  than  2 
years  after  the  bond  issue  had  been  author- 
ized, more  than  9,200  miles  of  hard  surfacing 
had  been  placed  on  secondary  roads,  and  over 
11,600  miles  had  been  stabilized.  *Not  all  of 
this  construction  has  been  done  with  bond 
proceeds,  but  a  recent  sample  indicates  that 
about  81  percent  of  new  hard-surfaced  mile- 
age has  been  built  with  bond  funds. 

Because  of  the  varied  topography  and  geol- 
ogy of  North  Carolina,  the  cost  and  types  of 
secondary  road  pavements  and  bases  used 
vary  widely.  Some  roads  have  been  improved 
at  a  cost  of  less  than  $3,000  per  mile,  while  on 
others  the  costs  have  approached  $30,000  per 
mile. 

The  cost  of  bituminous  surface  treatment  or 
IVj-  to  2-inch  plant-mixed  bituminous  con- 
crete on  an  existing  road  ranges  from  less 
than  $3,000  to  more  than  $10,000  per  mile,  de- 
pending on  the  cost  of  conditioning  the  ex- 
isting road  as  a  base.     The  general  average  for 


this  type  of  work  is  about  $5,000  per  mile. 

Sand-asphalt  surfacing  1%  to  2  inches  thick, 
which  is  widely  used  in  the  eastern  section 
of  the  State,  costs  from  $4,000  to  $10,200  per 
mile,  depending  on  the  amount  of  base  work 
necessary.  The  general  average  for  this 
type  of  work  in  the  eastern  part  of  North 
Carolina  is  about  $7,000  per  mile. 

The  cost  of  traffic-bound  macadam  with 
bituminous  surface  treatment,  and  bituminous 
surface  treatment  on  soil  or  portland-cement 
stabilized  base,  varies  from  less  than  $6,000 
per  mile  to  nearly  $30,000  per  mile,  depending 
on  the  amount  of  grading,  the  nature  of  the 
subgrade,  and  the  availability  of  materials. 
The  general  average  for  this  type  of  work, 
including  grading,  is  in  the  neighborhood  of 
$12,000  per  mile. 

These  costs,  which  are  based  on  contract 
awards,  do  not  include  the  cost  of  bridges, 
rights-of-way,  and  special  items  and  may  not 
include  some  preparatory  work  done  before 
the  contracts  were  let. 

As  of  October  1.  1951,  the  entire  issue  of 
$200  million  had  been  sold,  at  an  average  in- 
terest rate  of  1.69  percent.  About  $149  mil- 
lion of  the  proceeds  had  been  allocated  to 
definite  projects  and  programs,  and  the  total 
expenditures  from  the  bond  fund  at  that  date 
were  $112,287,000. 

Although  the  bond-issue  program  was  ex- 
clusively for  secondary  roads,  the  avail- 
ability of  the  bond  funds  has  so  relieved  the 
demands  for  normal  secondary  road  needs  as 
to  make  possible  important  benefits  to  the 
11,000-mile  State  primary  system.  Road- 
user  revenues  otherwise  available  for  th& 
secondary  system  have  been  released  for  ex- 
penditure on  the  primary  system,  thus  per- 
mitting a  number  of  important  and  badly 
needed  major  improvements  to  be  completed 
several  years  ahead  of  normal  expectancy. 
Although  increased  revenues  will  account  for 
a  portion  of  the  benefits,  the  following  com- 
parison illustrates  how  the  availability  of  the 
bond  funds  has  aided  construction  on  the  pri- 
mary system.  During  the  4-year  period  end- 
ing January  1,  1949.  only  $1.7  million  of  sur- 
plus funds  could  be  transferred  to  the  pri- 
mary highway  system  for  construction  pur- 
poses. Since  that  time  $18.5  million  have 
been  made  available  from  surplus  highway 
funds  for  construction  on  the  primary  system. 

West    Virginia 

West  Virginia  has  followed  a  pattern  some- 
what similar  to  that  of  North  Carolina  in 
both  its  highway  administration  function  and 
bonding  program  for  secondary  roads.  The 
West  Virginia  electorate  approved  in  1949  a 
constitutional  amendment  authorizing  issu- 
ance of  $50  million  of  secondary-road  bonds, 
and  the  State  Road  Commission  scheduled 
a  4-year  improvement  program  to  utilize 
these  funds.  A  distribution  formula  passed 
by  the  legislature  allocates  to  each  of  the 
State's  55  counties  a  flat  $200,000  plus  a 
pro-rata  share  of  SO  percent  of  the  remainder 
of  the  bond  fund,  not  to  exceed  a  top  limit 
of  $1.1  million,  based  on  the  total  county  un- 
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improved  secondary  road  mileage.  Under 
this  plan  the  Commission  will  allocate  about 
$40.6  million  on  the  formula  basis  and  retain 
slightly  over  $9  million  to  be  used  at  its  dis- 
cretion. 

On  October  1,  1951,  slightly  beyond  the  mid- 
point of  the  West  Virginia  4-year  program, 
approximately  2,700  miles  of  road  improve- 
ment had  been  completed  out  of  a  total  of 
3.010  miles  authorized  for  construction.  At 
this  rate  it  is  expected  that  the  entire  mileage 
will  have  been  completed  early  in  1952.  Au- 
thorized expenditures  as  of  October  1,  1951, 
totaled  $33,217,000,  segregated  as  follows : 

Surveys  and  plans, 

1,098  miles $1,210,000 

State  force  construction, 

2,120  miles 16,  275,  000 

Contract  construction, 

718  miles 12,284,000 

Prison  labor  construction, 

162  miles 2,499,000 

Right-of-way  expenditures 949,000 

During  1949,  1950,  and  1951  a  total  of  $28.5 
million  of  secondary-road  bonds  were  sold  at 
a  net  interest  cost  of  approximately  1.4  per- 
cent. Maximum  maturity  on  these  issues 
was  15  years. 

Debt-service  requirements  on  the  bonds  are 
being  met  with  the  proceeds  of  the  5-cent  gas- 
oline tax  but  the  bonds  are  also  full  faith  and 
credit  obligations  of  the  State. 

Like  North  Carolina,  West  Virginia  is  re- 
sponsible for  the  maintenance  and  improve- 
ment of  all  former  county  roads,  thus  giving 
the  State  a  combined  primary  and  secondary 
system  of  32,000  miles,  the  fifth  largest  in  the 
country.  To  the  extent  that  funds  for  second- 
ary roads  are  currently  being  provided  from 
bond  proceeds  the  corresponding  highway- 
user  tax  revenues  are  being  released  for  ex- 
penditure on  the  4,500-mile  primary  system. 

Washington 

Until  recently  the  State  of  Washington  had, 
by  tradition,  always  been  committed  to  a  pay- 
as-you-go  policy  insofar  as  financing  the  con- 
struction of  the  State  highway  system  was 
concerned.  Over  30  years  ago  the  electorate 
turned  down  a  proposed  $30-million  highway 
bond  proposal.  Except  for  a  portion  (21.8 
percent)  of  the  Emergency  Relief  Bonds  of 
1933  which  was  charged  to  State  highway  con- 
struction, the  State  had  never  incurred  any 
debt  for  highway  purposes.  In  1951,  however, 
the  State  deemed  it  necessary  and  expedient 
to  break  with  this  traditional  policy  and  enter 
the  field  of  credit  financing  of  highway  con- 
struction. The  abandonment  of  the  current- 
revenue  policy  was  one  of  the  results  stem- 
ming from  the  reports,  Highways  in  Wash- 
ington's Future  and  Financing  Washington's 
Highways,  Roads,  and  Streets  (27,28).  These 
reports  were  used  by  the  Joint  Fact-Finding 
Committee  on  Highways,  Streets,  and  Bridges 
of  the  State  of  Washington  in  making  recom- 
mendations to  the  1949  legislature.  Most 
of  the  committee's  recommendations  were 
adopted  by  the  legislature  and  resulted  in 
revising  the  motor-vehicle  fee  schedule  and 

PUBLIC  ROADS  •  Vol.  27,  No.  4 


raising  the  gasoline-tax  rate,  thus  greatly  in- 
creasing the  revenues  from  highway-user  im- 
posts. 

It  was  soon  apparent  that  relief  of  the 
most  serious  deficiencies  would  not  be  pos- 
sible with  normal  motor-vehicle  revenues, 
especially  those  on  U  S  99  and  the  Sno- 
qualmie  Pass  on  U  S  10.  Although  other 
projects  were  included  in  the  bond  program 
the  necessity  for  expanding  capacities  on  these 
two  routes  motivated  the  1951  legislature  in 
its  authorization  of  a  $66,703,625  bond-issue 
program.  The  act  authorizing  the  bond  issue 
specifically  earmarked  the  projects  upon  which 
the  proceeds  of  the  issue  were  to  be  expended  : 
$33,500,000  for  reconstruction  of  U  S  99  be- 
tween Everett  and  the  Interstate  Bridge  at 
Vancouver ;  $15,750,000  for  reconstruction  of 
U  S  99  between  Everett  and  the  British  Co- 
lumbia line;  $6,500,000  for  the  bridge  across 
the  Columbia  River  at  Pasco ;  $4,250,000  for 
widening  Snoqualmie  Pass  to  provide  addi- 
tional lanes  of  traffic;  $5,000,000  for  county 
roads  to  serve  Columbia  Basin  lands  in  Grant, 
Franklin,  and  Adams  Counties;  and  $1,703,- 
625  for  retiring  bonds  on  the  Agate  Pass 
Bridge. 

In  August  1951  the  State  issued  the  first 
block  of  the  authorized  bonds.  The  $12-mil- 
lion  issue  of  Motor  Vehicle  Fuel  Tax  Revenue 
Bonds,  Series  A,  sold  at  a  slight  premium  with 
a  net  interest  cost  to  the  State  of  1.8995  per- 
cent. The  bonds  are  not  general  obligations 
of  the  State  but  the  debt-service  payments 
constitute  a  first  and  prior  charge  against  all 
motor-vehicle  fuel-tax  revenues. 

The  purpose  of  the  Department  of  High- 
ways is  to  complete  the  entire  bond  pro- 
gram in  4  years ;  this  will  mean  that  the 
normal  dollar  volume  of  contracts  will  be  al- 
most doubled  in  each  of  the  4  years.  As  of 
December  1951,  contracts  upon  State  high- 
ways (exclusive  of  the  Columbia  Basin  roads) 
had  been  awarded  in  total  amount  of  approxi- 
mately $5  million  and  the  procurement  of 
rights-of-way  was  actively  in  progress.  It  is 
apparent  that  Washington's  highway  users 
will  soon  be  enjoying  the  benefits  of  this  ac- 
celerated program. 

Oregon 

The  report  Highway  Transportation  System 
in  Oregon  (29)  submitted  in  1948  to  the  Leg- 
islative Interim  Committee  for  the  Study  of 
Highway  Road  and  Street  Needs,  Revenue  and 
Taxation,  recommended  a  $705-million  con- 
struction program  for  all  roads  and  streets 
in  the  State  of  Oregon.  The  recommended 
program  was  divided  into  two  classifications 
according  to  needs — immediate  needs  and  10- 
year  needs.  Of  the  immediate  needs  construc- 
tion, $150  million  was  on  the  State  primary 
system.  As  annual  current  revenues  of  about 
$15  million  were  not  sufficient  to  relieve  the 
intolerable  deficiencies  of  the  system,  the  1951 
legislature  authorized  a  $40-million  bond  issue 
to  accelerate  the  program. 

The  authorization  makes  no  designation  of 
the  projects  or  highways  on  which  bond  funds 
are  to  be  used  but  does  limit  the  amount  to  be 
issued  in  any  one  year  to  $15  million.     The 


bonds  are  general  obligations  of  the  State. 
The  legislature  further  stipulated  that  the 
bonds  should  be  20-year  serials  payable  in 
equal  installments  beginning  the  year  after 
the  bonds  were  issued,  and  that  the  effective 
average  rate  of  interest  was  not  to  exceed 
2 '  j    percent. 

As  the  expenditure  of  the  funds  was  left 
to  the  discretion  of  the  Highway  Commis- 
sion, it  was  decided  to  utilize  the  bond  money 
on  interstate  routes  and  a  few  others  of  the 
more  heavily  traveled  routes  ;  also  on  especial- 
ly large  projects  where  the  cost  involved  is 
larger  than  can  be  absorbed  in  the  limited 
current-revenue  programs.  Of  the  $40-mil- 
lion  authorization,  $22.8  million  have  been 
programed  and  approximately  $10.5  million 
worth  of  projects  have  been  let  to  contract. 

In  September  1951  and  again  in  February 
1952  the  State  sold  $15  million  of  the  bonds 
at  effective  interest  rates  of  1.6152  and 
1.63476  percent,  respectively. 

The  State  Highway  Department  estimates 
that  within  3  years,  with  the  $15  million  in 
current  revenues  combined  with  the  bond 
funds,  it  will  complete  half  of  the  immediate 
needs  program. 

The  State  is  planning  to  utilize  Federal-aid 
funds  for  the  retirement  of  the  bonds. 

CONCLUSION 

In  this  article  we  have  inquired  briefly  into 
the  principles  of  public  credit  as  applied  to 
highways.  Both  logic  and  experience  lead 
to  the  conclusion  that  credit  financing  is 
justified  as  a  means  of  accelerating  the  im- 
provement of  the  highway  plant  and  making 
the  benefits  of  adequate  highway  transporta- 
tion available  to  the  public  at  an  earlier 
date.  The  most  advantageous  situation  for 
the  use  of  bond-issue  financing  is  one  which 
requires  a  short  period  of  abnormally  high 
construction  activity,  to  be  followed  by  a 
period  of  relatively  low  construction  expendi- 
tures, during  which  replacement  needs  ac- 
cumulate slowly  and  revenues  are  available 
for  retirement  of  the  bonds. 

A  review  of  credit  financing  of  highways  as 
it  has  actually  been  going  on  during  the  past 
few  years  discloses  considerable  variety  in 
the  methods  used  in  different  States,  and 
sometimes  in  the  same  State.  Toll-revenue 
financing  of  major  routes  in  certain  States 
now  holds  the  spotlight.  Other  States  are 
proceeding  to  make  it  clear  that  toll-free  fi- 
nancing of  expressways  and  other  major  ma- 
terials is  not  a  dream  but  a  reality.  Gen- 
eral-obligation bonds  retain  their  popularity 
in  a  number  of  States,  because  of  the  virtual 
certainty  that  they  will  be  marketed  at  the 
rates  most  advantageous  to  the  issuing  anv- 
ernment.  Debt  limitations  and  other  bar- 
riers to  general-obligation  financing  have  in- 
creased the  popularity  of  limited-obligation 
bonds,  secured  only,  or  chiefly,  by  the  proceeds 
of  road-user  taxes.  Obligations  of  this  type 
have  been  issued  in  some  States  as  State 
highway  bonds  differing  little  from  general- 
obligation  issues.  In  other  States  special 
State  authorities  with  corporate  powers  have 
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d  for  tlic  purpose.    In  still  others 
lerative  arrangements  have  provided  for 
the  issue  of  such  securities  by  counties  or 
cities. 

A  final  thought  is  suggested  by  tin's  anal- 
ysis. Roads  and  bridges  are  built  as  a  re 
<>(  demand.  More  or  less  accurate  measure- 
ments of  demand  in  dollar  terms  provide  the 
justification,  or  economic  warrant,  for  high- 
way improvements.  The  results  of  such 
evaluations,  confirmed  by  (he  experience  of 


toll  facilities,  indicate  that  motorists  and 
commercial  users  tiro  willing  to  make  rather 
high  premium  payments  for  premium  service 
such  as  is  provided  by  a  eontrolled-access 
facility,  whether  toll  or  toll-free.  Under  these 
circumstances  there  is  a  natural  temptation 
to  think  in  terms  of  exploiting  the  money- 
making  possibilities  of  traffic  demand,  rather 
than  to  adhere  to  the  austere  principles  of 
public  service.  Wise  and  faithful  steward- 
ship demands  that  the  public,  as  well  as  the 


investor,  be  given  a  fair  return  on  its  money, 
whether  that  money  is  collected  in  taxes  or 
in  tolls.  Recent  efforts  to  improve  the  terms 
of  financing  toll  facilities,  either  by  general- 
obligation  issues  or  by  other  means,  suggests 
an  increasing  awareness  of  these  principles 
of  good  government.  With  continued  adher- 
ence to  high  standards  of  public  service,  time 
and  experience  will  resolve  the  major  dif- 
ferences of  opinion  regarding  the  best  meth- 
ods of  credit  financing  for  highways. 
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Total 
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funds 
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Tolal 

Fedet  il 

Miles 

Total 
Cost 

Federal 
Funds 

Miles 

Total 
Cost 

Federal 

Funds 

Miles 
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7V? 

3.096 

$31,656 
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332.0 

38,820 
32,152 
1*2.252 

19,967 
16,083 
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52.1* 
69.6 
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5,004 
2,160 

.1* 
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1*90.0 

51,575 

'2,260 
30,862 

25,265 
27,305 
15,998 

1*6.5 
350.0 

59,632 
96,733 

42,904 

29,221 
44,670 
22,375 

65.4 

993.4 

2,558.9 

Mississippi 

Missouri 

Montana 

2,870 
9,073 

16, 01*6 

24,855 

9,295 

8,083 

12,651* 

5.374 

535.8 
759.6 
288.6 

5,081 

13,979 

5,272 

2,667 
6,989 
3,108 

170.0 

222.6 

57.3 

15,532 
38,588 
17, 523 

8,140 
20,210 
10,548 

445.7 
589.1 
333.1 

36,659 
77,422 
32,090 

18,890 
39,853 
19,030 

1,151.5 

1,571.3 

679.0 

Nebraska 

Nevada 

New  Hampshire 

11,007 
1,81*7 
1,201* 

12 ,  100 
7,727 
'1,769 

6,356 

5,854 
2,374 

567.8 

21*8.2 

26.7 

3,960 

718 

1,413 

1,91*9 

587 
889 

107.1* 

9.4 
10.1* 

19,627 
I*,6l6 

4,590 

9,735 
3,81*7 
2,295 

61*8.9 

215.7 

30.3 

35,687 
13,061 
10,772 

18,040 

10,288 

5,558 

1,324.1 

473.3 

67.4 

New  Jersey 
New  Mexico 
New  York 

1,537 

1,356 

19,227 

9,767 

3,9H 

89,415 

4,801 

2,503 

1*6,572 

1*0.8 
121.3 
199.2 

8,329 

1,563 

32,453 

I*,l64 

1,003 

15.395 

6.3 
56.8 
B9.8 

30,879 

10,953 
120, 931* 

15,272 

6,968 

55,229 

33.9 
297.1 
473.9 

48,975 

16,1*27 

242,802 

24,237 

10,1*74 

117,196 

81.0 
1*75.2 
762.9 

North  Carolina 
North  Dakota 
Ohio 

3,316 
1,971* 

■  3,5*2 

23,696 

5,598 

26,958 

11,519 

2,931 

12,952 

329.7 
886.7 
108.2 

5,1*33 

3,662 

17,556 

2,601 
1,876 

119.9 

509.8 

55.5 

24,258 
11,392 
81.383 

11,893 

5,708 

41.213 

476.3 
81*2.8 
199.1 

53,387 

20,652 

125,897 

26,013 
10,515 
62.545 

925.9 

2,239.3 

362.8 

Oklahoma 

Oregon 

Pennsylvania 

3,056 

772 
5,917 

12,718 

2,529 

24,562 

7,039 

1,356 

12^271* 

171.1 
4.5 

63.7 

7,892 

2,600 

28,030 

i*,071 

1,563 

13,987 

167.9 
51.5 
89.8 

20,020 
16,1*17 
77,086 

10,652 

8,946 

38.289 

217.3 
234.9 
158.2 

40,630 

21,546 

129,678 

21,762 
11,865 
64,550 

556.3 
290.9 

311-7 

Rhode  Island 
South  Carolina 
South  Dakota 

746 
1,752 

795 

i*,i*89 

12,777 

6,463 

2,244 
6,900 
3,785 

33.1 
287.4 
513.9 

785 
2,889 
3iP05_ 

392 

1,470 
1.828 

2.9 
175.7 
223.8 

18,493 
15,476 
11,955 

9,624 
7,874 
6.894 

31.5 
363.7 
590.5 

23,767 
31,142 

21,1*23 

12,260 
16,21*1* 
12,507 

67.  s 

826.8 

1.328.2 

Tennessee 

Texas 

Utah 

2,970 

9,645 

776 

11,61*9 
3,21*8 
4.658 

5,500 

1,1*98 
3.568 

378.5 
136.9 
135.7 

13,099 

11,493 

1,537 

6,237 
6,1*36 

'        1,145 

253.5 

309.2 

29.1* 

29,901 

61,1*1*8 

9,034 

14,338 

32,274 

6.797 

430.5 

1,150.0 

147.7 

54,61*9 
76,189 
15,229 

26,075 
1*0,208 
11.510 

1,062.5 

1,596.1 

312.8 

Vermont 
Virginia 
Washington 

1,025 
2,112 
1.996 

4,102 
20,812 
11,622 

2,235 

10,007 

5.736 

3>*.5 
273.5 
133.3 

599 
8,672 
2,561* 

307 

4,234 

1,361* 

132.5 
107.6 

7,547 
24,193 
14,898 

3,782 

12,114 

7,61*7 

62.3 
321.6 
145.7 

12,248 
53,677 
29.081* 

6,324 
26,355 

14,747 

103.5 
727.6 
386.6 

West  Virginia 

Wisconsin 

Wyoming 

2,1*10 

4,507 

157 

11,919 
12,469 
2,591* 

6,009 
7,024 
1,701 

93.5 

220.0 

61.7 

3,982 

10,285 

1,355 

2,030 

i*,568 

908 

1*7.6 

207.0 

1*9.0 

14,583 

35,195 

9,s69 

7,267 
17,241 

6,301 

126.1. 
510.7 
189.7 

30,48U 
57,949 

13,518 

15,306 

28,833 

8,910 

267.2 

937.7 
300,1* 

Hawaii 

District  of  Columbia 

Puerto  Rico 

1,524 
1,056 
S,07Q 

4,188 

13,  **59 
6,330 

1,934 
5,909 

3,000 

16.1 

1.1* 

39.2 

922 
3,123 

1*58 
1.523 

2.3 
15.7 

12,832 

4,435 

11.315 

5,347 
2,214 
5.331* 

29.9 

36:1 

17,942 
17,891* 
20,768 

7,739 
8,123 
9.857 

1*8.3 

1.9 

91.1 

TOTAL 

183,652 

711,555 

367,527 

12,373.6 

324,968 

165,021 

6,010.7 

1,358,695 

683,915 

16,801.6 

2,395,218 

1,216,1*63 

35,185.9 
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Electron  Microscopy  of  Soil  Clays 

and  Related  Materials 


BY  THE  PHYSICAL  RESEARCH  BRANCH 

BUREAU  OF  PUBLIC  ROADS,  AND 

THE  NATIONAL  BUREAU  OF  STANDARDS 


Reported  by  EARL  B.  KINTER, 
Highway  Physical  Research  Engineer 
ADOLPH  M.  WINTERMYER, 
Highway  Physical  Research  Engineer, 
and  MAX   SWERDLOW, 
Physicist 


The  importance  of  soil  properties  in  the  design,  construction,  and  maintenance 
of  highways  has  made  their  measurement  and  evaluation  of  primary  concern  to 
the  engineer.  Wide  recognition  that  much  of  the  physical  behavior  of  soils  stems 
from  their  clay  constituents  has  long  indicated  the  need  for  a  better  fundamental 
knowledge  of  these  complex  materials.  Basic  research  on  the  soil  clay-mineral 
content  offers  the  most  logical  approach  to  this  goal.  Electron  microscopy  pro- 
vides a  visual  means  for  investigating  the  size,  shape,  and  structure  of  the  minute 
particles  present  in  soil  clays  and  is  an  aid  in  identifying  the  constituents.  This 
article  reports  an  exploratory  examination  made  with  an  electron  microscope  of 
selected  clay  minerals,  soil  clays,  and  related  materials.  Objectives  of  the  study 
were  to  make  a  general  examination  of  a  broad  variety  of  soil  clays  to  provide 
basic  data  for  subsequent  correlation  with  information  obtained  from  other 
analytical  methods  and  performance  tests,  and  to  estimate  the  potential  useful- 
ness of  this  research  tool  in  soils  engineering  work. 


JN  RECENT  YEARS,  investigators  of  the 
properties  of  soil  materials  and  their  ap- 
plication to  highway  work  have  become  in- 
creasingly concerned  with  the  constituents 
of  soil  clays.  It  is  definitely  known  that  clay 
substances,  even  when  present  in  relatively 
small  quantities,  exert  a  strong  influence 
on  soil  properties.  An  estimate  simply  of 
the  amounts  of  clay  contained  in  soils  is 
of  limited  application,  however,  since  two 
soils  having  the  same  approximate  clay 
content  frequently  possess  wide  variations 
in  properties.  It  has  been  evident  that  the 
clay  fractions  themselves  are  inherently 
different,  and  that  a  better  understanding 
of  soils  and  their  properties  and  uses  should 
result  from  an  increased  knowledge  of  the 
nature  and  properties  of  the  constituent 
substances  of  soil  clays. 

Although  the  study  of  clays  has  been 
going  on  for  many  years,  efforts  have  been 
seriously  handicapped  for  want  of  direct 
and  adequate  scientific  tools.  Within  the 
past  two  decades,  however,  considerable  ad- 
vances have  been  made  through  the  appli- 
cation of  modern  techniques.  For  instance, 
it  has  been  established  that  earthen  clay 
materials,  including  the  clay  portions  of 
soils,  consist  chiefly,  although  not  entirely, 
of  minute  crystalline  particles  of  hydrous 


aluminum  silicates  (13)*.    These  have  been 
called  the  clay  minerals. 

A  number  of  individual  members  of  three 
principal  clay  mineral  groups  or  families 
have  been  identified,  and  many  details  of 
crystal  structure  and  its  relation  to  their 
properties  are  well  agreed  upon.  In  gen- 
eral, however,  this  field  of  study  remains  in 
a  rapidly  growing  stage,  from  both  the 
fundamental  and  the  practical  aspects. 

Of  the  methods  applied  to  the  problems 
of  identifying  and  characterizing  the  con- 
stituents of  clays,  those  of  X-ray  diffraction, 
differential  thermal  analysis,  specific  sur- 
face area  measurements,  and  chemical  an- 
alysis (including  base-exchange  studies) 
have  been  especially  important.  In  all 
these  methods  the  investigator  is  faced  with 
many  difficulties  arising  from  the  hetero- 
geneous and  impure  nature  and  the  small 
particle  size  of  the  material  under  study. 
Each  method  has  supplemented  the  others 
and  not  one  of  them  has  afforded  complete 
characterization.  A  further  and  quite  dif- 
ferent means  of  attack  has  been  made  avail- 
able by  the  advent  of  the  electron  micro- 
scope, which,  through  its  high  resolving 
power,  has  made  possible  the  advantages 
of  visual  examination  of  individual  soil  clay 
particles. 


1  Physical  Research  Branch,  Bureau  of  Public  Roads. 

2  National   Bureau   of   Standards. 


J  Italic  numbers   in   parentheses   refer   to   references 
listed  on   page  100. 


The  first  application  of  electron  micro- 
scopy to  clay  minerals  was  made  in  Germany 
(10)  and,  after  1940,  was  extended  in  the 
United  States  (9,  15,  18  7.9).  Examinations 
of  certain  soils  with  the  electron  microscope 
have  been  reported  (6,  16,  17,  22,  2U) ,  but 
an  intensive  application  to  a  large  number 
of  soils  has  apparently  not  heretofore  been 
made.  This  report  describes  a  preliminary 
study  in  which  a  number  of  soil  clays,  clay 
minerals,  and  related  materials  were  ex- 
amined with  an  electron  microscope. 

The  study  was  of  an  exploratory  nature, 
with  two  main  objectives:  (1)  a  general  ex- 
amination of  a  broad  variety  of  soil  clays 
with  respect  to  their  particle  size,  shape, 
structure,  and  identification;  and  (2)  an 
estimate  of  the  potential  usefulness  of  the 
electron  microscope  in  soils  engineering 
work. 

Materials  Examined 

A  selection  of  95  soil  clays,  clay  minerals, 
and  associated  materials  was  examined  in 
the  microscope  and  micrographs  were  ob- 
tained. The  soils,  most  of  which  are  re- 
ferred to  by  accepted  soil  names,  cover  a 
wide  range  of  conditions  of  soil  formation 
and  parent  materials.  In  most  cases,  they 
were  subsoils  containing  relatively  little 
organic  matter.  Many  of  them  were  from 
stock  samples  of  the  Bureau  of  Public 
Roads,  and  a  few  were  from  private  col- 
lections of  the  authors. 

The  minerals  examined  represent  almost 
all  of  the  individual  members  of  the  clay- 
mineral  groups  having  generally  accepted 
mineralogical  names,  and  a  small  number 
of  non-clay  minerals  likely  to  occur  in  soil 
clays.  Where  available,  two  or  more  ex- 
amples of  the  individual  clay  minerals  were 
included.  These  were  obtained  from  Dr. 
Ralph  E.  Grim  of  the  University  of  Illinois, 
the  American  Petroleum  Institute,  several 
mineral  supply  houses,  the  Harbison- 
Walker  Refractories  Company  and  other 
commercial  suppliers  of  clays  and  ceramic 
materials,  the  National  Museum,  and  the 
collections  of  the  authors.  In  view  of  the 
difficulties   involved  in   obtaining  authentic 
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specimens,  especially  of  the  clay  minerals, 
the  authors  wish  to  express  their  sincere 
thanks  to  all  those  who  made  samples 
available. 

The  particle  size  limits  of  the  clav  frac- 
tion of  soils  are  not  unanimously  agreed 
upon.  In  the  Bureau  of  Public  Roads  classi- 
fication, 5  microns  (0.005mm.)  are  taken  as 
the  maximum  diameter  of  clay,  and  the 
fraction  below  1  micron  (0.001  mm.)  is 
referred  to  as  colloid  material.  The  U.  S. 
Department  of  Agriculture  and  the  Inter- 
national Society  of  Soil  Science  designate 
clay  as  that  fraction  below  2  microns.  In 
any  case,  for  visual  considerations,  clay 
particles  are  well  below  the  range  of  the 
unaided  human  eye,  which  cannot  distin- 
guish between  resolved  objects  separated  by 
a  distance  smaller  than  200  microns  (0.2 
mm.).  Under  optimum  conditions,  the  abso- 
lute limit  of  resolution  obtained  with  the 
light  microscope  is  0.2  micron  (0.0002  mm.). 
For  practical  purposes,  however,  its  effec- 
tive limit  is  much  above  this. 

The  Electron  Microscope 

One  of  the  fundamental  factors  that 
limit  the  resolving  power  of  any  microscope 
is  the  wavelength  of  the  radiant  energy  il- 
luminating the  object.  Theory  and  experi- 
ment demonstrate  that  about  one-half  of  the 
wavelength  of  the  illuminating  source  sets 
an  absolute  and  unalterable  lower  limit  to 
the  inherent  resolution  obtainable.  In  con- 
trast to  the  relatively  long  wavelengths  of 
visible  light,  the  electron  microscope  utilizes 
the  extremely  short  wavelengths  associated 
with  a  beam  of  electrons.  Although  the 
theoretical  limit  of  resolution  has  not  been 
achieved,  the  electron  microscope,  since  its 
inception  in  1932,  has  been  developed  to 
the  practical  limit  of  resolving  power — 
about  20  Angstroms  (1A  =  10-4  micron  = 
10-7  mm.).  This  represents  a  hundred-fold 
advantage  in  resolving  power  over  that  of 
the  light  microscope. 

Figure  1  illustrates  the  functional  com- 
ponents of  the  light  microscope  and  the 
magnetic-type  electron  microscope.  In  the 
light  microscope,  lens  L  x  serves  to  focus  the 
illumination  from  its  source  (a  lamp,  in  this 
case)  on  the  subject  S.  The  objective  lens 
L  2  forms  a  real,  inverted,  enlarged  image 
/  j.  From  this  first  image  the  eyepiece  lens 
L  3  forms  a  virtual,  inverted,  greatly  magni- 
fied image  72. 

In  the  electron  microscope,  as  seen  in 
figure  1,  a  hot  cathode  emits  a  cloud  of  elec- 
trons, a  portion  of  which  is  accelerated 
through  an  electrostatic  field  and  through 
the  anode  aperture  to  form  a  divergent  beam 
of  electrons.  The  first  magnetic  coil  L  x 
serves  as  a  condensing  lens  to  collimate  the 
beam  which  is  directed  on  the  subject  S. 
Rays  penetrating  the  subject  are  focused  by 
a  second  magnetic  coil  L  2  to  form  an  en- 
larged real  image  Iv  a  section  of  which  is 
further  enlarged  by  the  third  magnetic  coil 
L3  to  form  a  final  real  image  I2  on  a  fluores- 
cent screen  or  a  micrograph  on  a  photo- 
graphic plate. 
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Although  the  components  of  the  two  in- 
struments fulfill  similar  functions,  such 
phenomena  as  polarization  or  color  are  not 
possible  with  the  electron  microscope. 
Transmitted  electrons  form  real  images  that 
can  be  viewed  on  a  luminescent  sci'een  or 
photographically  recorded  in  black  and 
white.  In  electron  microscopy,  entirely  new 
methods  for  preparing  specimens  and  dif- 
ferent concepts  for  interpreting  the  ob- 
served electron-optical  images  are  required. 
Because  of  the  poor  penetrating  power  of 
electron  beams,  only  small  and  very  thin 
objects  can  be  examined  and,  further,  the 
examination  must  be  made  with  the  object 
under  high  vacuum. 

Preparation  of  Samples 

Samples  for  this  study  were  prepared  as 
dilute  suspensions  by  dispersing  a  small 
quantity  of  untreated  material  in  distilled 
water  in  a  Waring  Blendor,  after  a  pre- 
liminary soaking  period  of  an  hour  or  more. 
In  some  cases,  a  drop  or  two  of  dilute  am- 
monia water  was  added  before  stirring. 
The  suspension  was  separated  into  the  de- 
sired particle-size  ranges  by  the  customary 
centrifugal  method.  Although  a  thorough 
study  of  particle-size  distribution  and  fre- 
quency was  not  undertaken  at  this  stage  of 
the  work,  certain  separations  of  the  soil- 
clay  fractions  were  made,  including  the 
following  size  ranges:  10  to  1  microns; 
less  than  2  microns;   less  than    1  micron; 


Light 
Microscope 


Electron 
Microscope 


Figure  1. — Functional  components  of  the 
transmission  light  microscope  and  the 
magnetic    electron    microscope. 


and  less  than  0.2  micron.  Separation  of  the 
10-to-l-micron  fraction  was  discontinued 
after  a  few  preparations  because  most  of  the 
particles  were  too  massive  and  opaque  (non- 
transparent  to  the  electron  beam)  for  ade- 
quate examination  (fig.  ID)  and  obviously 
bore  little  relation  to  the  clay  fraction. 

The  1-micron  separation  was  also  rejected 
because  its  upper  limit  frequently  proved 
to  be  too  low  to  include  all  the  clay-mineral 
content.  The  separations  containing  par- 
ticles smaller  than  0.2  micron  were  examined 
in  some  soils  but  usually  appeared  as  a 
finer  counterpart  of  the  coarser  clay.  In 
many  cases,  material  which  was  obviously 
not  one  of  the  hydrous  clay  minerals  was 
noted  to  occur  down  through  the  range  of 
this  fraction.  Finally,  separation  at  2 
microns  was  found  to  be  most  satisfactory 
for  the  general  examination  desired  in  this 
work,  since  it  included  virtually  all  of  the 
clay-mineral  content  and,  near  its  upper 
limit,  a  representation  of  particles  of  the 
more  rock-like  minerals  common  to  the  non- 
clay  fractions.  For  a  more  detailed  investi- 
gation of  the  finer  clay  particles,  separa~ 
tions  other  than  those  employed  here  would 
be  both  desirable  and  necessary. 

After  dispersion  and  centrifugation,  the 
samples  were  further  diluted  with  distilled 
water  to  make  a  faintly  cloudy  suspension 
which  was  stored  in  a  small,  capped  vial 
until  used  for  preparation  of  the  micro- 
scope specimens.  Further  dilutions  were 
made  later  in  the  vials  as  found  to  be  neces- 
sary. Because  of  the  large  dilutions  re- 
quired, the  heterogeneous  nature  of  the  ma- 
terials studied,  and  the  high  magnifications 
obtained,  very  careful  controls  were  main- 
tained throughout  all  the  procedures  in 
order  to  prevent  contamination.  To  pre- 
pare specimens  for  the  electron  microscope, 
a  very  thin  film  of  Formvar  (polyvinyl 
formal)  was  cast  on  a  clean  water  surface 
and  transferred  to  a  one-eighth-inch  disk 
of  200-mesh,  stainless-steel  screen.  A  drop 
of  the  sample  suspension  was  placed  on  the 
plastic  film  and  allowed  to  settle  and  dry 
in  an  air-conditioned  room  (72°  F.,  60  per- 
cent relative  humidity).  At  this  stage,  the 
specimen  was  ready  for  examination. 

Shadowcasting  Technique 

The  RCA  type  EMU  (50  kv)  electron 
microscope  was  used.  The  direct  magnifica- 
tion of  this  instrument  ranges  from  about 
1,000  to  25,000  diameters,  with  a  possible 
useful  magnification  of  about  250,000  di- 
ameters obtainable  through  optical  enlarge- 
ment of  the  micrographs.  In  this  study  it 
was  found  most  suitable  to  use  about  6,000 
diameters  as  the  original  electronic  magni- 
fication, with  subsequent  optical  enlarge- 
ment to  give  a  total  linear  magnification  of 
about  21,000.  The  in  line  on  the  photo- 
graphs illustrating  this  report  represents  1 
micron.  In  most  cases,  at  least  five  2-inch- 
square  micrographs  were  made  of  charac- 
teristic fields  of  each  material  examined. 
In  all,  about  1,250  electron  micrographs 
were  taken. 
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Since  metallic  shadowcasting  (23,  24) 
adds  contrast  as  well  as  a  three-dimensional 
aspect  to  surface  details,  a  very  thin  coat- 
ing of  evaporated  chromium  metal  was  de- 
posited obliquely  upon  the  dispersed  and 
mounted  specimens.  This  was  accomplished 
by  placing  the  dried  specimens  in  a  vacuum 
chamber  at  a  fixed  angle  and  distance  from 
a  tungsten-wire  basket  containing  about 
75  mg.  of  pure  chromium.  When  the  pres- 
sure in  the  vacuum  chamber  reached  10-5 
mm.  of  mercury,  the  tungsten  crucible  was 
electrically  heated,  causing  chromium  vapor 
to  radiate  in  all  directions.  As  the  atoms 
condensed,  a  very  thin  film  of  metal  was 
deposited  on  the  specimens.  The  sample 
particles  are  elevations  behind  which  are 
shielded  areas  (shadows)  receiving  no  me- 
tallic coating.  In  the  microscope,  such  areas 
readily  transmit  the  incident  beam  of  elec- 
trons, whereas  the  thicker  and  chromium- 
coated  areas  scatter  the  electron  beam  and 
less  of  the  incident  energy  is  transmitted. 

Thus,  from  the  length  of  the  "bright" 
shadows,  as  observed  in  the  electron  micro- 
scope, relative  heights  of  the  particles  and 
details  of  surface  structure  can  be  deduced. 
Positive  photographic  prints  are  shown  in 
all  of  the  illustrations  in  order  to  permit 
direct  comparison  between  shadowed  and 
unshadowed  specimens.  These  represent  the 
images  as  seen  in  the  microscope.  Black 
indicates  material  opaque  to  the  electron 
beam;  white  indicates  transparent  material. 
Shadow  length  is  approximately  four  times 
the  altitude  of  the  particles. 

Results  and  Discussion 

Electron  micrographs  of  several  soils  and 
clay  minerals  are  presented  in  figures  2-7. 
These  show  only  a  few  of  the  many  samples 
examined,  and  were  selected  to  illustrate 
some  of  the  more  evident  points  of  informa- 
tion available  through  the  use  of  the  elec- 
tron microscope.  In  a  random  scanning  of 
a  specimen,  marked  differences  are  en- 
countered, as  illustrated  in  the  two  micro- 
graphs of  a  sample  of  Manor  clay  (figs.  1A 
and  IB)  and  those  of  Illinoian  glacial 
drift  (figs.  1C  and  ID).  Thus,  a  single 
micrograph  or  view,  as  used  in  this  report, 
is  not  necessarily  representative  of  the 
whole  material  under  discussion  but  is, 
however,  of  value  in  pointing  out  certain 
features  of  the  sample.  On  the  other  hand, 
in  the  actual  examination  a  rapid  survey  of 
the  whole  specimen,  or  usually  of  several 
specimens,  permits  a  quick  comparison  of 
the  general  morphology  of  the  material  and 
a  rough  estimate  of  the  relative  proportions 
of  different  constituents,  even  though  they 
have  not  been  fully  identified.  Where  pos- 
sible, the  most  representative  field  was 
chosen  for  the  micrograph. 

Kaolins 

In  soils  work,  when  clays  are  mentioned, 
the  kaolins  first  come  to  mind.  In  fact, 
clay  formation  has  long  been  referred  to 
as  "kaolinization."  This  is  the  result  of  the 
early  location  and  use  of  kaolin  deposits 
and   the   belief   that   kaolin   was    the   chief 


constituent  of  soil  clays.  Although  kaolin 
may  be  the  predominant  clay  mineral  pres- 
ent in  some  soils,  it  is  now  understood  that 
it  may  be  only  a  minor  component  or  entirely 
absent  in  other  soils.  Originally  assumed 
to  be  a  single  mineral,  it  is  now  recognized 
as  a  family  or  group  of  clay  minerals,  of 
which  kaolinite  is  the  leading  member. 

Crystals  of  a  well-formed  kaolinite  are 
shown  in  figures  2A  and  2B  as  thin,  six- 
sided  plates.  The  perfection  of  crystal  out- 
line varied  considerably  among  the  several 
kaolinites  examined — in  some  cases,  only  an 
occasional  straight  side  or  120-degree  angle 
could  be  found,  although  the  thin,  plate- 
like characteristic  was  common  to  all  speci- 
mens. It  may  be  noted  that  some  of  the 
crystals  are  elongated,  whereas  the  faces  of 
others  are  more  nearly  equidimensional. 
Stacking  and  thinness  of  the  plates  are  evi- 
dent, both  from  their  transparency  and 
from  the  length  of  shadows.  Most  of  the 
plates  lie  in  the  plane  of  the  plastic  sub- 
strate but  the  "book"  of  kaolinite  crystals, 
in  the  upper  part  of  figure  2A,  illustrates 
an  aggregate  with  the  plates  nearly  at  right 
angles  to  the  film.  The  relatively  great 
depth  of  field  of  the  electron  microscope 
is  demonstrated  in  areas  of  figure  2A, 
where  settling  of  kaolinite  particles  upon 
each  other  during  the  drying  of  the  speci- 
men has  superimposed  several  plates  of 
various  sizes  and  thicknesses. 

This  feature  is  of  exceptional  value  in 
making  visible  the  details  of  a  wide  range 
of  particle  sizes  and  thicknesses  at  a  single 
focusing  adjustment.  These  relatively  pure 
kaolinites,  English  china  clay,  and 
Georgia  kaolin,  were  formed  as  residual  de- 
posits from  granite,  apparently  under  con- 
ditions favorable  to  good  crystalization.  On 
the  other  hand,  most  of  the  commercial 
kaolin  clays  examined  were  much  less  per- 
fectly formed  and  relatively  less  pure. 

Halloysite,  seen  in  figures  2C  and  2D,  is 
characterized  by  tubular-shaped  crystals,  as 
indicated  by  the  greater  transparency  of 
their  hollow  centers.  Split  tubes  and  concen- 
tric layering  may  also  be  observed.  In  earlier 
examinations  of  halloysite,  the  particles 
were  thought  to  be  lathlike  (2),  but  later 
studies  confirmed  the  hollow,  tubular  nature 
(3,  5,  6,  9).  This  crystal  form  is  in  sharp 
contrast  to  the  six-sided  plates  of  kao- 
linite, despite  the  fact  that  both  minerals 
have  the  same  chemical  composition,  ap- 
proaching A1203  .  2Si02  .  2H20.  Although 
the  existence  of  cylindrical  characteristics 
has  been  revealed,  the  exact  mechanism  of 
the  growth  of  tubular  crystals  has  not  been 
explained.  Nevertheless,  the  marked  dif- 
ferences in  the  morphologies  of  these  two 
kaolins  must  have  a  profound  influence  on 
the  physical  properties  of  soils  containing 
these  minerals. 

With  regard  to  the  other  members  of  the 
kaolin  family,  dickite  showed  a  platy  habit 
very  similar  to  that  of  kaolinite,  and  allo- 
phane  consisted  of  irregular,  angular 
masses  with  a  glassy  appearance.   Nacrite 


was  not  examined  in  this  study.  It  has  been 
reported  to  resemble  kaolinite  and  dickite 
in  form,  but  with  particle  sizes  as  large  as 
5  mm.   (3,  9). 

Although  micrographs  of  allophane  have 
been  published  (9)  in  which  the  particles 
were  shown  as  spherical  masses,  our  ob- 
servations were  not  in  agreement  with  this. 
We  noted  that  the  particles  were  angular 
at  the  start  but,  after  a  short  exposure  to 
the  electron  beam,  were  sufficiently  melted 
to  produce  the  globular  shapes.  Compared 
to  halloysite  and  kaolinite,  the  minerals 
dickite,  nacrite,  and  allophane  are  relatively 
rare  and  are  not  thought  to  occur  widely 
in  soils. 

Montmorillonites 

Although  the  identity  of  montmorillonite 
as  a  mineral  was  established  many  years 
ago,  it  was  not  at  first  regarded  as  being 
a  part  of  soil  clays.  More  recently,  how- 
ever, it  has  been  shown  to  be  widespread  in 
soils.  The  term  montmorillonite  is  now 
used  to  designate  the  clay-mineral  family 
as  well  as  its  chief  member.  Among  the 
other  members  are  nontronite,  beidellite, 
and  hectorite.  The  familiar  trade  term  ben- 
tonite  has  been  applied  to  adsorptive  clays 
and  drilling  muds  but  properly  refers  to  a 
clay  rock  consisting  essentially  of  the 
sodium-rich  montmorillonite  or,  less  often, 
beidellite  clay  mineral.  The  origin  of  ben- 
tonite  is  considered  to  stem  from  the  de- 
vitrification and  chemical  alteration  of 
glassy  igneous  material.  In  soils,  however, 
the  montmorillonites  may  be  either  water 
laid  or  formed  residually  from  a  variety  of 
parent  minerals. 

As  shown  in  figures  2E,  2F,  and  3A-D, 
the  appearance  of  the  members  of  the  mont- 
morillonite family  is  in  decided  contrast 
to  that  of  the  kaolins.  The  montmorillonite 
member  (fig.  2E)  is  characterized  by  loose, 
fluffy  floccules  or  aggregates  of  indefinite 
shape  and  size.  The  nebulous  outlines  and 
the  variable  translucency  indicate  aggre- 
gates formed  from  much  smaller  and 
thinner  units.  These  features  seem  to  be 
correlated  with  the  magnitude  of  surface 
area  required  for  the  high  base-exchange 
capacity,  large  volume  changes,  and  the 
strong  bonding  and  plastic  properties  mani- 
fested by  the  montmorillonites.  Beidellite 
(fig.  3B)  is  similar  in  appearance  to  the 
montmorillonite  member,  as  are  the  ben- 
tonites  (figs.  2F  and  SA) .  Nontronite,  the 
iron-rich  member,  is  seen  in  figure  3C  as 
long,  thin  fibers  which  have  a  tendency  to 
remain  in  bundle-like  aggregates,  or  some- 
times as  long,  flat,  ribbon  shapes.  Hectorite, 
(fig.  3D)  is  in  the  form  of  very  thin  needles 
or  fibers,  shorter  than  those  of  nontronite, 
with  a  pronounced  tendency  towards  a  more 
random  arrangement.  When  not  completely 
dispersed,  hectorite  crystals  are  arrayed  in 
thin,  lath-like  aggregates. 

The  crystal  lattice  structure  of  the  mont- 
morillonites would  indicate  the  occurrence 
of  platy  particles.  Although  montmorillo- 
nite, beidellite,  and  the  bentonites  are  platy, 
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this  is  not  the  case  with  nontionite  and 
hectorite  which  exhibit  a  crystal  habit  re- 
sembling needles  or  fibers.  The  occurrence 
of  nontronite  in  the  ribbon-like  form  may  be 
attributed  to  the  greater  atomic  radius  of 
the  ferric  ion  in  the  crystal  lattice,  result- 
ing in  a  strain  restricting  the  width  but 
permitting  growth  along  the  length  to  pro- 
duce fibrous  crystals  (21).  The  long  narrow 
crystals  of  hectorite  are  so  thin  and  trans- 
parent as  to  be  almost  indistinguishable 
individually. 

lllites 

The  illite  or  hydrous  mica  group  of  clay 
minerals  is  not  as  well  known  and  under- 
stood in  some  respects  as  are  the  two  groups 
previously  discussed.  The  name  illite  is  used 
as  "a  general  term  for  the  clay-mineral 
constituents  of  argillaceous  sediment  be- 
longing to  the  mica  group"  (11)  ;  specific 
characterization  into  separate  species  with- 
in the  group  is  still  to  be  accomplished. 
Illite  is  reported  as  a  common  constituent 
of  slates,  shales,  and  soil  clays  (-4,  11,  12). 

As  seen  in  figures  ZE,  SF,  and  AA,  illite 
particles  are  vague  and  indefinite  in  shape, 
with  little  resemblance  to  crystalline  ma- 
terial. However,  plates  or  flakes  with 
rough  but  relatively  sharp  boundaries  may 
be  observed.  It  may  be  noted  that  some  of 
the  illite  material  closely  resembles  the 
fluffy  habit  shown  by  montmorillonite.  This 
feature  makes  difficult,  if  not  impossible,  a 
positive  distinction  between  these  two  ma- 
terials. In  general,  however,  illite  presents 
a  denser  and  more  definitive  appearance 
than  montmorillonite.  Flakes  with  rela- 
tively sharper  outlines  and  frequently  of 
fairly  large  diameter  are  also  more  com- 
mon to  illite.  These  are  most  likely  rem- 
nants or  relics  of  partly  altered  mica.  The 
two  euhedral  masses  seen  at  the  bottom  of 
figure  ZE  are  thought  to  be  iron  pyrite ;  the 
large  irregular  mass  between  them  is  prob- 
ably quartz. 

Related  or  Allied  Minerals 

Many  of  the  non-clay  minerals  likely  to 
be  associated  with  soil  clays  were  observed 
to  bear  little  resemblance  to  any  of  the  clay 
minerals.  In  general,  they  were  dense 
masses  with  no  distinct  morphologies.  How- 
ever, some  of  them,  such  as  mica,  attapul- 
gite,  and  diatomaceous  earth,  have  distinc- 
tive features  and  are  easily  recognized. 
Particles  of  ground  silica  (fig.  AC)  were, 
as  expected,  quite  fragmental,  with  sharp 
points  and  knife-like  edges.  The  platy  habit 
of  finely  divided  mica  is  seen  in  figure  AD. 
Although  this  sample  was  represented  as 
a  very  pure  mica,  it  contained  a  consider- 
able amount  of  a  rod-shaped  impurity  in 
addition  to  the  mica  sheets.  These  were 
different  from  the  narrow  strips  which  mica 
yields  as  a  result  of  secondary  cleavage 
perpendicular  to  the  plane  of  the  sheets,  as 
shown  at  the  top  of  figure  6£>.  It  may  be 
noted  that  some  of  the  thin,  nearly  trans- 
parent mica  sheets  in  figure  AD  show  un- 
even  bands   resulting  from   interference   or 
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diffraction  phenomena  between  the  layers. 
During  the  manipulation  of  the  microscope 
controls  to  bring  various  fields  of  the  speci- 
men into  focus,  these  bands  frequently  were 
seen  to  move  across  the  mica  sheets.  This 
movement  was  thought  to  be  the  result  of 
heating  and  electrical  charging,  with  the 
effect  of  driving  off  water  from  between 
the  sheets  or  buckling  of  the  sheets  them- 
selves. This  latter  effect,  although  useful 
in  the  examination,  could  not  be  photo- 
graphed. 

The  acicular  structure  of  attapulgite,  a 
fuller's  earth  from  Attapulgus,  Ga.,  is  seen 
in  figure  AE.  Although,  in  general,  this 
needle-like  form  appears  similar  to  that  of 
sepiolite  and  serpentine,  the  crystals  of 
attapulgite  are  characteristically  shorter 
and  straighter  than  those  of  other  fibrous 
minerals. 

Part  of  a  sample  of  a  diatomaceous  earth 
is  shown  in  figure  AF.  This  material  con- 
sists chiefly  of  the  siliceous  remains  of  di- 
atoms, a  large  class  of  microscopic  algae 
which  contribute  to  deposits  derived  from 
both  fresh  and  sea  water. 

Examination  of  Soil  Materials 

The  clay  minerals  are  for  the  most  part 
the  chief  constituents  of  soil  clays.  It  has 
been  clearly  recognized  that  the  kind  and 
amount  of  clay  in  a  soil  strongly  affect  its 
suitability  as  an  engineering  material  and 
thus  have  a  direct  bearing  on  the  design, 
construction,  and  maintenance  of  highways 
and  other  structures.  The  foregoing  dis- 
cussion and  the  interpretations  and  con- 
cepts derived  from  the  electron  micrographs 
of  the  pure  clay  minerals  cannot,  however, 
be  expected  to  delineate  fully  the  nature  of 
soil  clays.  The  genesis  of  soils  is  a  dynamic 
process,  characterized  by  a  colloidal  sys- 
tem involving  a  large  number  of  free  ions 
and  the  hydrous  oxides  of  silicon,  aluminum, 
and  iron.  Varied  parent  material,  weather- 
ing conditions,  and  dynamic  organic  proc- 
esses, along  with  the  vigorous  operations  of 
dislodgement,  transportation,  and  deposi- 
tion, combine  to  produce  a  soil  environment 
that,  in  general,  makes  the  soil  clay  a  hetero- 
geneous body  with  chemical  and  physical 
properties  quite  at  variance  with  those  of 
any  single,  pure,  well-formed  clay  mineral. 
A  study  of  the  mineral  content  of  soil  clays, 
however,  in  conjunction  with  studies  of  the 
clay  minerals  themselves,  provides  a  logical 
approach  to  the  complex  mechanisms  relat- 
ing such  factors  as  origin,  chemical  altera- 
tion, crystalline  structure,  and  variable  con- 
stitution of  these  principal  constituents 
whose  physical  and  chemical  behavior  are 
so  strongly  reflected  in  the  properties  of 
the  soil  body. 

A  selection  of  electron  micrographs  of 
several  of  the  soils  examined  is  presented  in 
figures  5-7.  As  previously  noted,  these  do 
not  comprise  a  comprehensive  coverage  of 
all  possible  soil  conditions,  but  are  pre- 
sented as  a  random  view  of  what  may  be 
seen  in  the  examination  of  a  selection  of 
soils  from  many  different  areas  and  back- 


grounds of  soil  formation.  The  mixed  na- 
ture of  soil  clays  is  a  point  immediately 
brought  out  by  most  of  the  micrographs, 
in  direct  contrast  to  the  relatively  greater 
purity  of  the  mineralogical  specimens.  For 
the  most  part,  the  tubes  of  halloysite  remain 
relatively  unchanged  in  form,  as  do  also 
other  rod  or  needle-like  materials,  but  well- 
formed  crystals  of  kaolinite  as  six-sided 
plates  are  almost  entirely  absent. 

Soils  Containing  Kaolinite 

Examples  of  soils  in  which  kaolinite  is 
the  predominant  clay  mineral  are  given  in 
the  micrographs  of  Cecil  (fig.  5A)  and 
Tuxedo  (fig.  5B)  subsoils  and  of  Philadel- 
phia red  clay  (fig.  5C).  Cecil  is  a  residual 
soil  formed  from  granitic  rocks  in  the 
southern  part  of  the  Piedmont  soil  province, 
just  west  of  the  Atlantic  Coastal  Plain. 
Tuxedo  and  Philadelphia  red  clay  are  water- 
laid,  sedimentary  materials  common  to  the 
Coastal  Plain  itself.  The  latter,  taken  from 
a  deep  boring  in  Philadelphia,  was  well- 
mottled  with  white  areas,  a  common  effect 
among  poorly  drained  subsoils.  Parts  of 
the  white  areas  were  used  to  prepare  the 
micrograph,  in  figure  5D,  of  Philadelphia 
white  clay.  In  these  several  figures,  kaoli- 
nite appears  as  the  major  component,  with 
an  admixture  of  opague  (dark)  rounded 
material. 

In  the  natural  state,  each  of  these  soils 
is  strongly  colored  by  red  oxides  of  iron, 
probably  hematite,  which  may  be  the  opaque 
material  seen  in  the  micrographs.  The 
mottling  apparently  is  the  result  of  abrupt 
changes  in  the  iron-oxide  content  as  the 
white  clay  contains  very  little  of  this  in- 
gredient and  is  mostly  pure  kaolinite. 

Most  of  the  particles  seen  in  these  samples 
are  quite  distinct  in  outline,  with  sharp, 
although  irregular,  edges.  In  the  case  of 
Tuxedo  clay  (fig.  52?)  there  is,  however, 
a  considerable  quantity  of  small-grained, 
poorly  defined  material  which  may  provide 
a  clue  to  the  reasons  for  the  known  highly 
plastic  nature  of  this  clay,  since  kaolinite 
alone  is  usually  found  to  be  only  weakly 
plastic.  Although  electron  microscopy  does 
not  provide  an  absolute  identification  of  this 
material,  the  value  of  such  an  examination 
is  clearly  demonstrated  in  the  indication  of 
its  presence  so  that  the  aid  of  other  methods 
may  be  applied  to  its  further  study  and 
possible  identification. 

Other  Soil-Clay  Constituents 

Montmorillonites  have  been  well-estab- 
lished (1,13,21)  as  common  constituents,  of 
soil  clays  in  varying  proportions  to  other 
clay  minerals.  Of  the  several  soils  examined 
in  this  study,  examples  in  which  montmoril- 
lonites are  predominant  are  shown  in  figures 
52?,  5F,  and  6A.  These  include  Houston  clay 
(8,  20),  from  the  Gulf  Coastal  Plain  of 
Texas;  Putnam  (22)  from  a  loessial  area  of 
Missouri;  and  Iredell  (21),  a  residual  soil 
derived  from  diabasic  rocks  in  the  southern 
Piedmont.  Iredell  (fig.  6 A)  appears  to  con- 
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sist  largely  of  a  single,  relatively  pure  sub- 
stance closely  resembling  the  nebulous  floc- 
cules  of  the  mineral  specimens  of  mont- 
morillonite. 

Putnam,  shown  in  figure  5F,  contains 
beidellite  {21,  22) — very  similar  in  appear- 
ance to  the  montmorillonite  member.  In 
addition,  there  is  a  non-clay  constituent 
ranging  in  size  down  to  a  small  fraction  of 
a  micron.  It  may  be  noted  here  that  both 
magnesium-saturated  and  natural  Putnam 
soils  were  used  in  this  work,  as  were  also 
examples  of  other  soils  having  sodium  and 
calcium  as  the  adsorbed  cations,  but  that 
little  difference  in  morphology,  except  per- 
haps in  the  mode  of  flocculation,  could  be 
ascribed  to  the  difference  in  cations.  In 
the  case  of  the  sodium  and  calcium  ben- 
tonites  shown  in  figures  2F  and  3A,  respec- 
tively, the  floccules  exhibit  warping  and 
resemble  a  cornflake  shape. 

Examples  of  Miami,  Crosby,  Gila,  and 
Hagerstown  soils,  reported  (1,  7,  8)  to  be 
high  in  illite  content,  are  shown  in  figures 
6B,  6C,  6D,  and  6E.  Miami  (fig.  6B)  is 
widespread  in  the  North  Central  States  and 
is  derived  from  calcareous  glacial  till.  The 
transparent,  smaller  particles  are  believed 
to  be  illite  in  association  with  darker  frag- 
ments of  non-clay  minerals.  Some  of  the 
larger  particles  may  also  be  illite  or  ag- 
gregates of  illite  and  montmorillonite,  which 
is  also  present  (7)  in  Miami  soils.  The 
presence  of  rod  and  needle-like  crystals 
and  many  small  dark  fragments,  in  figure 
6B,  illustrate  the  mixed  composition  not 
unexpected  in  a  material  derived  from 
glacial  action. 

A  comparison  of  figure  65,  of  Miami  clay, 
and  figure  6C,  of  Crosby  clay,  shows  the 
close  similarity  of  the  clays  of  these  two 
soils,  which  are  both  members  of  the  Miami 
soil  catena  and  are  derived  from  the  same 
parent  calcareous  glacial  till  under  dif- 
ferent conditions  of  slope  and  drainage. 

This  is  of  interest  in  that  electron-micro- 
scopial  examination  may  assist  in  the  cor- 
relation of  soil  types  and  in  pointing  out 
similarities  or  differences  between  two  ex- 
amples of  the  same  soil  obtained  from  dif- 
ferent areas.  For  instance,  the  colloidal 
content  of  these  two  soils  from  Indiana  has 
been  reported  (7)  to  consist  chiefly  of 
hydrous  mica  (illite)  with  a  smaller  content 
of  montmorillonite.  Although  their  minera- 
logical  compositions  were  closely  similar, 
they  were  different  in  thermal  decomposi- 
tion and  base-exchange  behavior.  Other 
work  on  the  clay  of  a  Miami  soil  from  Wis- 
consin (8)  found  montmorillonite  predomi- 
nant and  illite  as  a  minor  constituent.  In 
cases  of  this  sort,  a  more  detailed  study 
of  specific  separations  of  the  various  con- 
stituents might  prove  helpful. 


Gila  clay,  from  a  desert  soil  of  Arizona, 
derived  from  granitic  and  gneissic  rocks,  is 
seen  in  figure  6D  to  contain  an  abundance 
of  illite  (8)  as  well  as  a  rich  admixture  of 
non-clay  minerals.  Note  the  strip  of  mica 
in  the  upper-central  portion  of  the  micro- 
graph. Hagerstown  clay  (fig.  6E)  also 
appears  to  consist  largely  of  illite.  This 
soil  is  formed  residually  in  limestone  areas 
of  the  Eastern  and  Central  States.  Samples 
of  Hagerstown  clay  from  Maryland  and 
Missouri  have  been  reported  (1)  to  contain 
about  equal  proportions  of  kaolinite  and 
illite.  The  sample  used  here,  obtained  from 
Monroe  County  in  Indiana,  apparently  con- 
tains both  of  these  along  with  other 
minerals. 

Supporting  Information  Needed 

It  is  believed  that  montmorillonite  and 
illite  may  be  associated  in  mixed  layer  ag- 
gregates (9).  The  metabentonite  from  Taze- 
well, Va.,  shown  in  figure  4B  may  be  a  clay 
mineral  of  this  sort.  Such  occurrences  are 
even  more  probable  in  soil  clays,  as  in  Wa- 
bash clay  (fig.  6F) ,  an  alluvial  soil  re- 
ported to  contain  both  of  these  minerals. 
Such  intimately  mixed,  layered  aggregates 
of  extremely  fine-grained  particles  cannot 
be  clearly  differentiated  and  identified  by 
electron   microscopy   alone. 

The  need  for  supporting  information  is 
especially  evident  where  opaque  masses 
largely  lacking  in  distinctive  features  are 
present,  as  well  as  where  some  soil-clay  con- 
stituents are  unidentifiable  yet  have  more 
specific  morphologies.  ,  For  example,  the 
fibrous  material  in  figure  7C,  resembling 
sepiolite,  was  observed  in  a  sample  of 
Illinoian  glacial  drift  but  cannot  be  posi- 
tively identified  from  the  micrographs 
alone.  Sheaves  of  very  fine  fibers,  possibly 
nontronite,  were  found  in  the  clay  extracted 
from  Marshall  silt  loam,  a  prairie  soil  from 
the  loessial  area  of  western  Iowa  (fig.  IE) 
as  well  as  in  Houston  clay  (fig.  5E).  A  gel- 
like material,  possibly  silica  gel,  is  shown 
in  figure  IF,  covering  and  binding  together 
the  more  discrete  particles  of  Pullman  clay, 
a  soil  occurring  extensively  in  the  Texas 
Panhandle.  The  effect  of  such  gels  on  the 
properties  of  soils  is  probably  of  consider- 
able importance  but  as  yet  has  not  been 
evaluated.  Certainly,  however,  their  pres- 
ence is  discernible  only  by  a  method  permit- 
ting direct  visual  observation  in  the  col- 
loidal range.  Soils  derived  from  mica- 
bearing  parent  material  may  also  contain 
micas  in  the  clay  fraction.  Similarity  of 
the  platy  habit  of  mica  and  kaolinite  make 
their  differentiation  difficult  when  the  crys- 
tals are  poorly  developed,  small  in  size,  and 
fragmented  and  aggregated,  as  in  Hagers- 
town clay   (fig.  6E). 


Summary 

In  the  study  of  materials  so  small  in  par- 
ticle size,  complex  in  nature  and  properties, 
and  varied  in  composition  as  soil  clays,  a 
single  method  cannot  possibly  provide  a 
complete  understanding  of  the  many  factors 
involved.  The  use  and  value  of  X-ray  dif- 
fraction, differential  thermal  analysis,  and 
chemical-analytical  approaches  are  well- 
established.  Electron  microscopy  can  be 
very  helpful  in  identifying  and  characteriz- 
ing some  of  the  constituents  of  soil  clays 
and  in  providing  a  rough  estimate  of  their 
relative  proportions.  For  constituents  not 
possessing  specific  morphological  features, 
it  can  provide  complementary  clues  and  a 
background  for  information  obtained  from 
other  methods. 

Particle  size  and  the  relative  distribution 
of  particle-size  ranges  are  well-known  to  be 
important  in  considerations  of  soil  prop- 
erties. These  are  no  less  important  in  the 
case  of  the  soil-clay  fraction  itself.  In  a 
correlation  of  the  amount  of  clay  or  of  its 
quality  to  the  behavior  of  a  soil,  separation 
must  be  made  at  some  arbitrary  figure  for 
the  upper  particle-size  limit.  In  estimat- 
ing the  effect  of  different  sized  particles 
on  the  behavior  of  the  soil,  however,  con- 
sideration must  be  given  to  the  particle 
sizes  found  in  the  whole  soil  sample  as  well 
as  in  the  clay  fractions  obtained  therefrom. 
In  the  clay  size  range,  such  considerations 
are  helped  in  a  direct  way  by  electron  micro- 
scopy, in  which  particle  size  and  shape  can 
be^observed  and  semiquantitative  estimates 
of  the  relative  amounts  of  size  ranges  may 
be  made. 

Having  once  examined  a  variety  of  soil 
clays  with  the  electron  microscope,  one  is 
convinced  that  any  detailed  investigation 
of  similar  materials  by  other  methods  alone 
would  be  severely  handicapped  for  want 
of  visual  examination.  Moreover,  the  ap- 
plication of  surface-replica  techniques  and 
the  further  development  of  other  methods  of 
specimen  preparation  will  likely  be  of  value 
in  studying  the  structure  of  both  consoli- 
dated and  natural  soils  and  the  effect  of 
additives  in  the  amelioration  or  control 
of  soil  properties.  In  its  own  right,  the 
electron  microscope  provides  valuable  in- 
formation about  soil  clays  which  can  be  ob- 
tained in  no  other  way.  Admittedly,  this 
essential  concept  has  been  well  recognized 
by  those  closely  allied  to  this  research  tool. 
It  was  felt,  however,  that  the  methods  of 
electron  microscopy  should  be  specifically 
directed  to  the  problems  associated  with 
soils  as  engineering  materials.  And  it  is 
from  this  point  of  view  that  this  prelimin- 
ary report  has  been  mace. 
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ONE  of  the  important  problems  that  re- 
quires the  attention  of  highway,  ma- 
terials, and  research  engineers  is  that  of 
evaluating  the  mineral  aggregates  that  may 
be  potentially  available  for  use  in  highway 
base  and  surface  construction.  The  judi- 
cious use  of  local  aggregates  and  of  various 
byproducts  is  an  important  means  of  re- 
ducing construction  costs. 

In  Massachusetts,  the  quarrying  and 
processing  of  large  quantities  of  traprock 
for  various  purposes,  including  highway 
construction,  has  resulted  in  the  accumula- 
tion of  large  waste  piles  of  traprock  fines 
which,  so  far,  have  not  been  marketable  and 
therefore  constitute  an  expensive  and 
troublesome  disposal  problem. 

In  the  hope  that  a  use  might  be  found  for 
at  least  a  part  of  this  material  and  with 
a  view  to  reducing  bituminous  surfacing 
costs  to  some  extent,  a  cooperative  research 
project 1  was  initiated  to  determine,  by 
laboratory  tests,  an  indication  of  the  pos- 
sible value  of  traprock  dust  as  a  filler  for 
asphaltic  concrete.  Investigation  was  also 
made  of  the  value  of  fly-ash  fillers,  obtained 
as  a  byproduct  from  the  combustion  of 
powdered  coal. 

It  was  agreed  that  the  evaluation  of  the 
proposed  fillers  should  be  made  by  using 
them  in  a  standardized  asphaltic  concrete 
which  would  be  prepared,  molded  into  test 
specimens,  cured,  and  tested  under  care- 
fully controlled  standard  conditions  and 
procedures. 

Conclusions 

The  first  two  of  the  following  conclusions 
relate  to  the  resistance  to  water  of  mixtures 
containing  the  fillers  under  investigation. 
Attention  is  called  to  the  fact  that  other 
possible  effects  of  the  fillers  were  not  in- 


1  The  cooperators  were  the  laboratories  of  the 
Massachusetts  Department  of  Public  Works,  repre- 
sented by  A.  V.  Bratt,  Chief  of  Laboratory,  who 
originally  proposed  the  study ;  the  New  Jersey  State 
Highway  Department,  represented  by  Fred  H.  Bau- 
mann,  Chief.  Testing  Division ;  the  Ohio  State  De- 
partment of  Highways,  represented  by  R.  R.  Litehiser, 
Chief  Engineer,  Testing  and  Research  Laboratory ; 
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The  judicious  use  of  local  aggregates  and  of  mineral  byproducts  in  highway 
construction  can  effect  considerable  savings  in  costs,  through  lower  purchase 
prices  and  lesser  transportation  charges.  Large  waste  piles  of  traprock  fines, 
accumulated  at  quarries,  and  fly  ash.  a  residue  from  combustion  of  powdered 
coal,  offer  cheap  sources  of  fines  for  use  in  bituminous  surfacing  if  they  are  found 
to  be  satisfactory  for  the  purpose. 

The  cooperative  study  reported  here  was  initiated  to  determine,  by  laboratory 
test,  an  evaluation  of  such  materials  as  fillers  in  asphaltic  concrete.  In  this  type 
of  pavement,  a  satisfactory  filler  aids  in  resisting  the  softening  action  of  water  on 
the  asphalt-aggregate  mixture.  It  was  found,  in  these  tests  that,  for  the  materials 
tested,  traprock  dust  would  give  satisfactory,  and  fly  ash  superior,  resistance  to 
water  in  bituminous  concrete  paving  mixtures  of  the  dense  type.  Other  effects 
of  these  fillers  were  not  investigated,  and  it  is  possible,  of  course,  that  they  may 
be  of  some  importance. 

From  this  study  it  was  found  that  the  4-day,  120°  F.  immersion  of  the 
standard  immersion-compression  lest  generally  can  be  relied  upon  to  differentiate 
between  satisfactory  and  unsatisfactory  fillers.  For  border-line  cases,  a  7-  or 
14-day  immersion  may  be  necessary  to  clear  up  any  doubt. 

Where  determination  of  compressive  strength  or  stability  is  important,  the 
study  showed  that  test  specimens  must  be  molded  from  freshly  prepared  mixtures, 
without  any  reheating  or  reprocessing.  This  restriction  is  apparently  unneces- 
sary when  the  only  information  desired  is  the  effect  of  water  on  the  compressed 
mixture. 


vestigated  and  it  is  possible  that,  in  some 
cases,  these  may  be  of  importance. 

The  results  of  this  laboratory  study  have 
been  consistent  in  indicating  that  traprock 
dust  of  the  type  furnished  by  New  Jersey 
and  Massachusetts  can  be  expected  to  give 
satisfactory  resistance  to  water  when  used 
as  a  filler  in  bituminous  concrete  paving- 
mixtures  of  the  dense  type. 

The  laboratory  studies  indicated  consist- 
ently that  the  fly-ash  fillers,  represented 
by  those  from  New  Jersey  and  one  from 
Illinois,  can  be  expected  to  give  superior 
resistance  to  water  in  bituminous  concrete 
paving  mixtures  of  the  dense  type. 

The  tentative  standard  immersion-com- 
pression test,2  requiring  immersion  at  120° 
F.  for  4  days,  generally  can  be  relied  upon 
to  differentiate  between  satisfactory  and 
unsatisfactory  fillers.  For  obtaining  this 
differentiation,  the  criterion  of  75-percent 
retention  of  the  dry  strength,  which  was 
suggested  in  connection  with  earlier  studies, 


2  Tentative  method  of  test  for  effect  of  water 
on  cohesion  of  compacted  bituminous  mixtures. 
A.S.T.M.  designation  D  1075-49T. 


appears  to  have  been  further  substantiated 
by  the  data  in  this  report  since  the  fillers 
that  failed  to  meet  it  were  those  that,  on 
the  basis  of  reported  experience,  would  be 
expected  to  give  poor  results  in  the  field. 
However,  further  correlation  with  field  ex- 
perience seems  desirable  to  establish  more 
firmly  the  lowest  permissible  percentage  of 
retained  strength. 

In  cases  where  fillers,  although  passing 
the  4-day  immersion  test,  are  suspect  be- 
cause they  are  border-line  cases  or  because 
of  high  silica  content,  extension  of  the 
immersion  period  to  7  or  14  days  may  be 
resorted  to  in  order  to  clear  up  any  doubt. 

Where  measurement  of  the  compressive 
strength  or  stability  of  the  mixture  is  the 
main  consideration,  it  is  important  that  the 
test  specimens  be  molded  from  freshly  pre- 
pared mixtures  without  reheating  or  re- 
processing of  any  kind,  since  it  has  been 
found  that  both  reheating  and  reworking — 
as,  for  instance,  breaking  up  pavement 
samples  and  remixing — cause  substantial 
increases  in  the  apparent  compressive 
strength. 
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When  the  only  information  desired  is  the 
effect  of  water  on  the  compressed  mixture, 
it  appears  from  past  experience  and  from 
the  data  in  this  report  that  the  caution 
against  reheating  or  reworking  need  not  be 
observed  because  the  increase  in  strength 
caused  by  these  factors  is  approximately 
proportional  in  the  di-y  and  wet  tests  and, 
therefore,  the  percentage  of  strength  re- 
tained is  not  appreciably  affected. 

Basis  of  Study 

The  principal  test  characteristic  upon 
which  the  ratings  of  the  fillers  were  based 
was  the  resistance  of  the  compacted  as- 
phaltic  concrete  mixture  to  loss  of  strength 
after  immersion  in  water  at  120°  F.  for 
4  days.  The  procedure  for  making  this 
test,  commonly  called  the  immersion-com- 
pression test,  was  that  outlined  in  a  paper 
before  the  Association  of  Asphalt  Paving 
Technologists 3  and  later  adopted  in  two 
parts  as  tentative  standards  4  by  the  Ameri- 
can Society  for  Testing  Materials.  Briefly, 
the  test  for  a  given  mixture  consists  of  sub- 
jecting a  set  of  three  companion  specimens 
of  the  compacted  mixture  to  an  unconfined 
compression  test  to  determine  the  "dry" 
compressive  strength.  A  duplicate  set  of 
three  specimens,  prepared  at  the  same  time 
as  the  first,  is  immersed  in  water  for  4  days 
at  120°  F.  and  this  set  is  then  tested  for 
"wet"  compressive  strength.  The  percentage 
of  the  original  or  "dry"  compressive 
strength  that  is  retained  in  the  "wet"  test 
is  reported  as  the  retained  strength.  With 
only  such  exceptions  as  will  be  noted  in  con- 
nection with  the  test  data,  the  specimens 
for  both  the  dry-strength  test  and  the  im- 
mersion test,  in  these  studies,  were  cured 
in  air  for  24  hours  at  140°  F.  after  molding 
as  required  in  the  standard  procedure. 

Crushed  traprock  for  coarse  aggregate, 
and  glacial  sand  for  fine  aggregate,  as  well 
as  two  filler  materials — traprock  dust  and 
commercial  limestone  dust — were  furnished 
for  the  first  series  of  tests  by  the  Massa- 
chusetts laboratory. 

At  about  the  time  the  initial  work  was 
getting  under  way,  the  suggestion  was 
made  that  a  similar  study  of  fly  ash,  a 
waste  product  of  coal-fired,  electric  power 
plants,  be  made  a  part  of  the  project  5.  The 
laboratories  of  Massachusetts,  New  Jersey, 
Ohio,  and  the  Bureau  of  Public  Roads 
agreed  to  take  part  in  this  second  phase 
of  the  investigation. 

Additional  quantities  of  crushed  traprock 
and  glacial  sand,  as  well  as  a  sample  of 
silica  dust,  were  supplied  by  the  Massa- 
chusetts   laboratory    and    two    samples    of 


3  Application  and  present  status  of  the  immersion- 
compression  test,  by  J.  T.  Pauls  and  J.  F.  Goode,  1947 
Proceedings  of  the  Association  of  Asphalt  Paving 
Technologists.  See  also.  Further  developments  and 
application  of  the  immersion-compression  test,  by  the 
same  authors,  Public  Hoads,  vol.  25,  No.  6,  Dec.  1948. 

4  A.S.T.M.  Standards,  1949,  Part  3.  Test  methods 
D   1074-49T  and   D    1075-49T. 

6  This  phase  of  the  study  was  suggested  by  Mr. 
Fred  H.  Baumann,  Chief,  Testing  Division,  New  Jer- 
sey State   Highway   Department. 
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filler,  one  a  silica  dust  and  the  other  a  fly 
ash,  were  supplied  by  the  New  Jersey 
laboratory.  Silica  dust  was  included  as  a 
check  or  control  material  because  of  its 
known,  generally  poor,  behavior  as  a  filler. 
Upon  completion  of  the  second  phase  of 
the  study,  a  third  series  of  tests  was  pro- 
posed in  which  sufficient  new  samples  of 
traprock  dust  and  fly  ash  were  to  be  tested 
to  corroborate  fully  the  indications  ob- 
tained in  the  two  previous  series.  An  addi- 
tional coarse  aggregate,  rhyolite  from  Mas- 
sachusetts, was  brought  into  the  study  and 
rhyolite  dust  made  from  this  same  material 
was  also  included,  together  with  two  trap- 
rock dusts  and  three  additional  fly-ash 
samples  that  were  supplied  by  the  New 
Jersey  laboratory.  Other  coarse  aggregates 
and  fillers  were  included  in  the  work  of  some 
of  the  individual  laboratories  as  will  be  in- 
dicated by  the  data  in  the  tables  and  dis- 
cussions. 

Master  Grading  Used 

In  the  original  plans,  a  master  grading 
was  worked  out  and  was  used  throughout 
the  three  phases  of  the  study.  Because  of 
variations  in  the  apparent  specific  gravity 
of  the  different  materials  used,  the  only 
way  that  a  constant  particle-size  distribu- 
tion could  be  maintained  was  to  reduce  all 
of  the  proportions  in  the  master  grading  to 
an  absolute-volume  basis.  For  this  purpose, 
the  absolute  volume  of  7  parts  by  weight 
of  limestone  dust  per  100  parts  of  total 
aggregate  was  taken  as  the  basis  for  all 
the  filler  contents  throughout  the  three 
series  of  tests.  Thus,  the  variations  in  the 
amount  by  weight  of  filler  shown  in  the 
various  mixtures  that  will  be  described  re- 
flect  only   the   variations   in   the    apparent 


specific  gravity  of  these  fillers.  Similarly, 
when  coarse  aggregate  other  than  the  ori- 
ginal crushed  stone  was  used,  the  proportion 
by  weight  was  adjusted  to  give  the  same 
absolute  volume  of  coarse  aggregate  as 
before. 

In  the  first  series,  the  bitumen  content  was 
&Vz  parts  by  weight  to  100  parts  by  weight 
of  basic  aggregate.  In  the  second  series, 
some  of  the  mixtures  contained  6Y2  parts 
and  some  5M:  parts  of  asphalt  per  100  parts 
of  aggregate  and  in  the  third  series,  5Vk 
parts  of  asphalt  were  used  for  all  mixtures 
with  two  exceptions  which  will  be  discussed 
in  connection  with  the  tabulated  data. 

It  was  originally  intended  that  the  test 
mixtures  should  contain  between  6  and  7 
percent  voids  when  compacted  in  order  that 
the  variable  effect  of  water  due  to  differ- 
ences in  the  filler  might  be  clearly  defined. 
It  was  found,  however,  that  the  type  of 
filler  affected  the  density  and,  therefore,  the 
void  content,  to  a  very  considerable  degree. 
No  attempt  was  made  to  adjust  out  these 
differences  because  it  was  felt  that  they 
reflected  some  of  the  inherent  differences 
in  the  fillers  that  should  be  brought  out  in 
the  test  results. 

The  basic  grading  that  was  used  through- 
out the  filler  investigation  is  shown  in  table 
1,  which  also  shows  the  asphalt  ratio  that 
was  used  in  the  first  series  and  part  of  the 
second. 

The  proportions  by  weight  of  the  two  test 
mixtures  used  in  the  first  series  of  tests  are 
shown  in  table  2.  The  mixture  containing 
traprock  dust  shows  the  adjustment  in  the 
weight  of  the  filler  to  obtain  the  correct 
absolute  volume.  The  mixture  containing 
limestone  dust  is,  of  course,  the  basic  mix- 
ture shown  in  detail  in  table  1. 


Table  1. — Basic  grading  and  mixture  proportions  for  mixture  containing  limestone  dust 


•    Parts  by  weight 

Traprock 

Sand 

Limestone 
dust 

Combined 

Sieve  sizes: 

38 
20 

38 
25 
19 
11 

7 

No.  4  to  No.  10 

5 
19 
11 

No.  10  to  No.  40    .                                            

No.  40  to  No.  200.                                                 .... 

No.  200 

7 

58 

35 

7 

1(10 
6.5 

Total,  parts  by  weight 

106.5 

Table  2. — Proportions  of  the  test   mixtures   in   series   1 


Parts  by  weight  of 

mixture  with  611er 

of— 

Limestone 
dust 

Traprock 
dust 

Aggregate  retained  on  No.  200  sieve 

93 

7 

93 

7.48 

Filler 

Total  aggregate 

100 
6.5 

100.48 
6.50 

Asphalt 

Total 

106.5 

106.98 
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Table  3. — Proportions  of  the  test 


mixtures   in  series  2 


Aggregate  retained  on  No.  200  sieve 

Filler 

Total  aggregate 

Asphalt,  series  2a 

Mixture  totals,  series  2a 

Asphalt,  series  2b 

Mixture  totals,  series  2b 


1  Same  fillers  as  used  in  series  1. 


Parts  by  weight  of  mixture  with  filler  of- 


Limestone 
dust  ' 


93 

7 

100 


6.5 
106.5 


5.5 
105.5 


Traprock 
dust  ' 


93 

7.48 
100.48 


6.5 
106.98 


5.5 
105.98 


Silica  dust 


Md. 


93 

6.70 
99.70 


6.5 

Ulli    _M1 


5  5 
105^20 


Mass. 


93 

6.87 
99.87 


6.5 
106.37 


5.5 
105.37 


N.  J. 


93 

6.75 
99.75 


6.5 
106  25 


5.5 
105.25 


Fly  ash 
(N.  J.) 


93 

6.57 
99.57 


6.5 
106.07 


5.5 

105.07 


as  a  filler  on  the  basis  of  its  service  record. 
This  material  showed  good  performance  in 
the  laboratory  tests  of  series  2a,  with  high 
bitumen  content.  In  series  2b,  with  low 
bitumen  content,  one  sample  gave  good  re- 
sults and  one  gave  poor  results. 

The  Maryland  silica  dust,  while  showing 
good  performance  in  the  high-bitumen  mix- 
tures (6%  parts),  was  definitely  inferior 
in  those  containing  5%  parts  of  bitumen 
per  100  parts  of  aggregate. 

At  the  conclusion  of  the  series  1  tests, 
it  had  been  suggested  that  the  bitumen 
content  of  6V2  parts  might  be  high  enough 
to  mask  the  effect  of  poor  quality  in  certain 
fillers  and  it  had  been  agreed  that  two  pro- 


The  proportions  by  weight  of  the  test 
mixtures  of  the  second  series  are  shown  in 
table  3. 

In  planning  the  third  series  of  tests,  it 
was  agreed  that  each  cooperating  laboratory 
would  carry  out  only  as  many  of  the  tests 
as  could  be  done  without  interference  with 
other  work,  and  also  that  some  of  the  lab- 
oratories might  properly  diverge  from  the 
group  effort  to  conduct  special  studies  on 
materials  primarily  of  local  interest.  Thus, 
a  great  many  material  combinations  were 
tested  in  the  third  series  but  relatively 
few  of  these  were  tested  by  more  than  one 
of  the  cooperators.  A  list  of  the  material 
combinations  of  series  3  that  were  investi- 
gated by  one  or  more  of  the  cooperating 
laboratories  is  given  in  table  4.  One  of  the 
cooperating  laboratories  made  several  ad- 
ditional mixtures  which  were  used  in  ex- 
ploring the  effect  of  other  methods  of  cur- 
ing than  those  agreed  upon  and  used  by  the 
group  as  a  whole.  The  data  from  these 
extra  tests  are  not  reported  here  because 
there  is  no  basis  upon  which  they  can  be 
compared  with  the  data  obtained  by  the 
other  cooperating  laboratories. 

Traprock  Dust  a  Good  Filler 

The  results  of  the  tests  on  the  two  ma- 
terials of  series  1  are  shown  in  table  5. 
Here  the  comparison  is  only  between  one 
sample  of  limestone  dust  and  one  sample 
of  Massachusetts  traprock  dust.  The  four 
laboratories  that  participated  in  this  first 
series  showed  good  agreement  on  the  per- 
centage of  original  strength  retained  by  the 
test  mixtures  after  immersion.  All  of  the 
results  agreed  in  indicating  that,  as  de- 
termined by  this  test,  the  traprock  dust  was 
equal  to  limestone  dust. 

The  results  of  the  cooperative  tests  on 
the  mixtures  of  series  2  are  shown  in  table 
6.  The  New  Jersey  silica  dust,  a  material 
already  existing  in  the  deposit  as  a  natural 
powder  and  produced  from  the  natural  de- 
posit primarily  for  the  glass  industry,  was 
reported  to  have  given  good  results  as  a 
filler  in  bituminous  surfacing.  This  would 
seem  to  make  it  an  unusual  example  of 
silica  dust  which,  as  a  rule,  is  not  favored 


Table  4. — Material  combinations  tested  in  series  3  : 


Mix- 
ture 
No. 


1 

2 

3 

4 

5 

6 

7 

8 

9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23« 
24 
25  s 
26 
27 
28 
29 
30 
31 
32 
33  « 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
46x5 
47 
48 
48x" 
49 
50 
51 
52 

54 
55 
56 
57 
58 
59 
60 
61 


Coarse  aggregate 


Type 


Traprock 

do 

do 

do 

do 

do 

do 

do 

Rhyolite 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

Blast  furnace  slag. 

do 

do 

Traprock 

do 

....do 

....do 

Traprock  E  

....do 

Traprock 

....do 

Quartzite 

. . ..do 

Rhyolite 

....do 

Traprock  E 

....do 


do 

do 

do 

do 

do 

do 

Traprock  F . 

do 

do 

do 

. ...do 

....do 

....do 

....do 

....do 

.  . ..do 

Traprock .  .  . 

....do 

....do 

....  do 

...do 

. ...do 

....do 

. ...do 

Rhyolite 

....do 

....do 


Source 


Mass.  . 

do. 

do. 

do. 

do. 

do. 

do. 

do. 

....do. 
....do. 
....do. 
...do. 
....do. 
....do. 
.do. 
.do. 
.do. 
.do. 
.do. 


Md. 


.\l:i 


.do. 
.do. 


do. 

do. 

do. 

N.J... 
do. 

Va 

do. 

Pa 

do. 

Mass .  . 
do. 

N. J . . . 

do. 

do. 

do. 

do. 

do. 

do. 

do. 

do. 

do. 

....do. 

do. 

do. 

....do. 

....do. 

....do. 

....do. 
...do. 

Mass .  . 

....do. 

....do. 

....do. 

....do. 

....do. 

....do. 

....do. 

....do. 

....do. 

....do. 


Fine  aggregate 


Type 


Glacial  sand 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

....do 

....do 

Potomac  River  sand 

....do 

....do 

....do 

....do >. . 

..  ..do 

Glacial  sand 

do 
do 

do 
d„ 


Source 


Mass.  . 
do. 

....do. 
do. 

....do. 

...do. 


D 


.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.dT. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 


do 
do. 

do 

do. 

.do. 

.do. 

.do. 

.do. 

.do. 

.do. 

C... 
...do. 
....do. 
....do. 
....do. 
...do. 
Mass.  .  . 
....do. 
....do. 
....do. 
...do. 
....do. 
....do. 
....do. 
....do. 
....do. 
....do. 
....do. 
....do. 
....do. 
....do. 
....do. 
....do. 
...do. 
....do.. 
....do.. 
....do.. 
....do.. 
....do.. 
....do.. 
....do.. 
....do.. 
....do.. 
....do.. 
....do.. 
....do.. 
....do.. 
....do.. 
....do.. 
....do.. 
...do.. 
....do.. 
....do.. 
....do.. 
....do.. 
....do.. 
....do.. 


Filler  (dust) 


Type 


Traprock  E . 
Traprock  F. 
Rhyolite .  .  . 
Traprock . . . 
Fly  ash  A . . 
Fly  ash  B  .  . 
Fly  ash  C .  . 
Fly  ash .... 
Traprock  E . 
Traprock  F. 

Rhyolite 

Traprock . . . 
Fly  ash  A .  .  . 
Fly  ash  B .  .  . 
Fly  ash  C .  -  , 

Fly  ash  

do. . .   '.  . 

Rhyolite 

Mica  dust .  .  . 

Fly  ash  

Rhyolite.  .  .  . 
Mica  dust . .  . 

Traprock 

Limestone . . . 
Traprock. . . . 
Limestone .  .  . 
Traprock  E.. 
Limestone .  . . 
Traprock. . . . 
Limestone .  .  . 
Quartzite. .. . 
Limestone . .  . 
Rhyolite.  .  .  . 
Limestone . . . 

do 

Traprock  E . . 
Traprock  F. . 

Silica 

Fly  ash  A .  .  . 
Fly  ash  B .  .  . 
Fly  ash  C .  .  . 
Fly  ash  D . . . 
Limestone  .  . 
Traprock  E . . 
Traprock  F. . 

Silica 

...do 

Fly  ash  A  .  .  . 
Fly  ash  B .  .  . 

....do 

Fly  ash  C.  .  . 
Fly  ash  D  .  .  . 
Traprock  E . . 
Traprock  F.  . 
Fly  ash  A .  .  . 
Fly  ash  B .  .  . 
Fly  ash  C .  .  . 
Rhyolite.  .  .  . 
Limestone . . . 
Traprock .... 
Rhyolite.  .  .  . 
Limestone. .  . 
Traprock. . . . 


Source 


N.J. 
Do. 

Mass. 
Do. 
J. 
Do. 
Do. 


X 


111. 
N.  J. 

Do. 
Mass. 

Do. 
N.J. 

Do. 

Do. 
111. 

Do. 
Mass. 
Md. 
111. 

Mass. 
Md. 
Mass. 

Do. 

Do. 

Do. 
N.  J. 
Mass. 
Va. 
Mass. 
Pa. 
Mass. 

Do. 

Do. 
J. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 

Do. 
.      Do. 

Do. 
Mass. 


N 


Do. 
Do. 
Do. 
Do. 
Do. 


1  AU  fillers  in  mixtures  1-22,  25.  and  26  sieved  to  pass  No.  200  sieve.  Mixtures  20,  21,  and  22  contained  about 
2  parts  of  extra  asphalt  to  satisfy  the  absorption  of  the  slag,  making  the  total  asphalt  content  7}f  parts,  but  their 
effective  asphalt  content  may  be  considered  to  be  5^  parts.  Mixtures  56-61  contained  6  parts  of  asphalt  per  100 
parts  of  aggregate  (basic  mix  basis)  as  compared  to  5.5  parts  for  the  others  reported  m  series  3. 

*  Same  as  No.  4,  except  filler  not  all  passing  No.  200  sieve. 
8  Same  as  No.  4.  . 

*  Same  as  No.  11,  except  filler  not  all  passing  No.  200  sieve. 

*  This  is  a  rerun  of  a  duplicate  sample  of  No.  46. 
«  This  is  a  rerun  of  a  duplicate  sample  of  No.  48. 


PUBLIC  ROADS  •  Vol.  27,  No.  5 


103 


Table  5. — Results  of  (fie  immersion-compression  lest  on  the  mixtures  of  series  l1 


voids 


Strength 


Dry 


Wet 


Retained 


3  J 

P.s  i. 
310 
316 
259 

259 

P   ..... 

309 

292 

235 

242 

Percent 
100 

92 



2  5 

5.5 

91 



93 

Traprock  Dfst   Mixtures 


\                                                                   

3.5 

292 
326 
252 
264 

302 
306 
229 
246 

100  + 

H                                                                                                           

94 

('                                                                                                                    

3    1 
5.7 

91 

1)                                                                                             

93 

1  All  mixtures  contained  6}^  parts  of  asphalt  per  100  parts  of  aggregate,  the  basic  mix  basis.     The  fillers  were 
I  through  the  No.  200  sieve  and  only  the  passing  portion  was  used.     Both  fillers  were  furnished  to  all  the 
rators  by  the  Massachusetts  laboratory. 

Table  6. — Results  of  the  immersion-compression  test  on  the  mixtures  of  series  2 


Testing  laboratory 


Filler 


Source  of 
filler 


Reported 
voids 


Strength 


Dry 


Wet 


Retained 


Series  2a. — Asphalt  Content  6J-2  Parts  Per   100  Parts  Aggregate 


n 

Limestone  dust 

Silica  dust 

. ..do. . . 

Percent 
4.4 
3.2 
3.9 
3.9 
5.5 
4.5 
5.8 
3.6 

P.S  .1. 

263 
236 
251 
234 
252 
252 
243 
212 

P.s.i. 

239 
203 
213 
212 
204 
198 
199 
212 

Percent 
1  91 



N.  J 

2  86 

D 

do 

85 

C 

. ..do.. . 

Md 

91 

D 

. ..do.. . 

.do 

81 

D   . 

. . . do . . . 

do 

3  79 

D 

do 

Mass 

N.  J 

82 

D 

Flv  ash ...  . 

100 

Series 

2b. — Asphalt  Content  5J^  Parts  Per  100  Parts  Aggregate 

B 

Limestone  dust 

.  .do 

Mass 

do 

5.9 
8.2 
5.6 
8.5 
6.4 
6.3 
8.4 
6.9 
3.8 
6.5 

353 
256 
352 
245 
367 
317 
261 
281 
321 
224 

283 
225 
283 
227 
246 
278 
144 
189 
299 
226 

80 

D 

88 

B 

do 

80 

D 

do 

93 

B    

Md 

67 

B 

X   J 

88 

D 

Md 

55 

D 

N   J 

67 

B 

do 

93 

D 

.       .do 

do 

100 

1  Check  test.     First-run  test  result  (see  table  5)  was  93  percent  retained. 

!  Extending  the  120°  F.  immersion  to  7  days  reduced  this  to  68  percent. 

3  Check  test.     First-run  test  result  (see  preceding  line  in  table)  was  81  percent  retained. 


questions  that  occurred  to  the  several  co- 
operators  during  the  course  of  the  main  in- 
vestigation. By  means  of  such  auxiliary 
studies,  laboratory  B  noted  that  when  only 
the  portion  passing  the  No.  200  sieve  was 
used,  both  the  limestone  dust  and  the  trap- 
rock  dust  of  series  1  gave  slightly  better 
results  than  when  the  material  was  used 
as  received  with  a  small  percentage  retained 
on  the  No.  200  sieve.  Although  not  par- 
ticularly significant,  the  differences  show  a 
tendency,  that  has  been  believed  to  exist, 
for  the  coarser  portion  of  so-called  filler 
materials  to  fail  to  function  as  filler  unless 
the  aggregate  as  a  whole  happens  to  be 
deficient  in  intermediate  fines.  The  com- 
parisons are  shown  in  table  7. 

Effect  of  Extended  Immersion 
and  Reprocessing 

In  other  auxiliary  tests,  laboratory  C 
showed  that  silica  dust,  even  in  a  rich  mix- 
ture, was  distinctly  sensitive  to  extended 
immersion  at  120°  F.,  the  retained  strength 
after  immersion  dropping  from  86  percent 
at  4  days  to  68  percent  at  7  days  (table  6, 
footnote  2).  These  tests  also  showed  that 
the  same  silica-dust  mixture  was  also 
damaged  somewhat  more  by  immersion  for 
4  days  at  140°  F.  than  at  120°  F.,  while  the 
traprock-dust  and  limestone-dust  mixtures 
apparently  were  not  adversely  affected  by 
the  higher  immersion  temperature.  These 
relations  are  shown  in  table  8.  It  should 
be  pointed  out,  however,  that  the  mixtures 
used  in  this  study  of  the  effect  of  increased 
immersion  temperature  were  mixtures  that 
had  been  molded,  cured,  and  tested,  then 
reheated  to  300°  F.,  broken  down  or  "dis- 
integrated," remolded,  and  again  cured  for 
the  tests  at  the  increased  immersion  temper- 
ature. For  this  reason,  the  effect  of  tem- 
perature of  immersion  alone  should  not  be 


portions,  6y2  parts  and  5  Ms  parts  of  bitu- 
men, would  be  used  in  the  series  2  tests  and 
that  some  silica  dusts  would  be  included  to 
explore  this  factor.  The  results  of  the  tests 
of  series  2  indicated  that  the  high  bitumen 
content  did,  in  fact,  have  the  anticipated 
masking  effect  and  it  was  decided  that,  in 
the  mixtures  for  test  series  3,  only  5y2  parts 
of  bitumen  would  be  used. 

In  series  2,  as  in  series  1,  the  traprock 
dust  performed  at  least  as  well  in  the  lab- 
oratory test  as  the  limestone  dust.  The 
average  values  of  retained  strength  for  the 
mixtures  of  series  2b  were  86+  percent 
for  traprock  dust  and  84  percent  for  lime- 
stone dust.  The  one  sample  of  fly  ash  then 
available  appeared  to  be  superior  to  lime- 
stone dust.  The  retained  strengths  for  this 
sample  reported  by  laboratories  B  and  D, 
series  2b,  averaged  96+  percent. 

Supplemental  Studies 

In  addition  to  the  mixtures  listed  in  table 
6,  a  number  of  additional  mixtures  were 
made  and  tested  by  variously  modified  pro- 
cedures  to  develop  information  concerning 


Table    7. — Comparative    effect    of    fillers    used    as    received    and    as    sieved    to    pass    the 

No.  200  sieve 


Mixtures  with — 

Retained  strength  after  4  days  immersion 
at  120°  F. 

Filler  all  passing 
No.  200 

Filler  used  as 
received 

Percent 
92 
94 

Percent 
91 
91 

Traprock  dust 

Table    8. — Effect    of    reheating    and    remolding    previously    compacted    specimens    of 

bituminous  concrete 


Mixtures  with — 

Strength 

Dry 

Wet 

Retained 

Original 

Reheated, 
remolded 

Original, 
immersed 
at  120°  F. 

Reheated, 
remolded, 
immersed 
at  140°  F. 

Original, 
immersed 
at  120°  F. 

Reheated, 
remolded, 
immersed 
at  140°  F. 

Limestone  dust 

P.s.i. 

259 

252 

236 

249 

P.s.i. 
366 
363 
347 
359 
44 

P.S.i. 

235 
229 
203 
222 

P.s.i. 
366 
328 
274 
323 
45 

Percent 
91 
91 
86 
89 

Percent 

100 

90 

79 

90 

Traprock  dust 

Average 

Average  increase  due  to  reprocessing,  percent 
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Table   9. — Results   of    immersion-compression    tests    on    plant    mixtures    reheated    in    the 
oven  to  350°  F.  to  prepare  them  for  molding 


Mixtures  with — 

Strength 

Dry 

Wet 

Retained 

P.S.i. 

582 

731 

P.S.I. 

517 

655 

Percent 
89 
90 

considered  conclusive.  Of  considerably  more 
importance  and  value  is  a  comparison  of 
the  unit  compressive  strengths  shown  by 
these  mixtures  before  and  after  reheating 
and  remolding.  This  comparison  is  also 
shown  in  table  8. 

The  data  in  table  8  show  that  the  over- 
all effect  of  reprocessing  these  previously 
compacted  specimens  was  to  increase  the 
average  dry  strength  by  44  percent  and 
the  average  wet  strength  by  45  percent. 
This  corroborates  numerous  previous  ob- 
servations made  in  connection  with  the  test- 
ing of  bituminous  mixtures.  These  observa- 
tions have  also  indicated  that  where  only 
reheating  of  cooled,  uncompacted  mixtures 
is  necessary  in  order  to  mold  test  speci- 
mens, the  compressive  strength  values  are 
considerably  higher  than  for  specimens 
molded  from  freshly  prepared  mixtures  that 


have  not  been  allowed  to  cool  below  a  suit- 
able molding  temperature. 

Tests  by  laboratory  B  on  two  large 
samples  of  plant  mix,  prepared  by  a  paving 
contractor  and  shipped  to  the  laboratory  for 
test,  showed  the  effect  of  reheating  a  cold, 
loose  mixture  and  possibly  other  factors  that 
could  not  be  isolated.  The  compressive 
strengths  and  the  results  of  the  immersion- 
compression  test  on  these  mixtures  are 
shown  in  table  9. 

One  of  these  two  mixtures  contained 
limestone  dust  and  the  other  traprock  dust. 
The  gradings  of  the  extracted  aggregates 
are  shown  in  figure  1,  the  small  circles  rep- 
resenting the  plotting  points  for  these  two 
mixtures.  The  basic  grading  for  the  lab- 
oratory mixtures  used  in  the  cooperative 
study  is  also  shown  in  figure  1,  the  points 
being  indicated  by  X.     From  the  curves,  it 


is  apparent  that  the  gradings  of  the  two 
commercial  mixtures  were  very  similar  to 
each  other  and  to  that  of  the  laboratory 
mixtures  except  for  slightly  lower  dust  con- 
tent in  the  commercial  mixtures.  The  grade 
of  asphalt  in  the  commercial  mixtures  was 
not  known,  but  is  believed  to  have  been  the 
same  as  that  used  in  the  laboratory  mix- 
tures. The  mixtures  were,  of  course,  molded 
and  tested  some  considerable  time  after  they 
were  made.  In  spite  of  the  probable  effect  of 
difference  in  age  and  perhaps  other  factors, 
however,  the  strikingly  high  compressive 
strengths  of  the  test  specimens  from  these 
two  mixtures  are  believed  to  reflect  pri- 
marily the  effect  of  reheating  in  connection 
with  molding.  Comparison  of  these  com- 
pressive strengths,  shown  in  table  9,  may 
be  made  with  those  of  corresponding  lab- 
oratory mixtures  that  were  molded  while 
hot  immediately  after  mixing,  shown  in 
table  5. 

Auxiliary  tests  similar  to  those  reported 
in  table  5  were  made  by  laboratory  A.  The 
only  change  in  procedure  was  to  increase 
the  water-bath  temperature  for  the  4-day 
immersion  from  120°  F.  to  140°  F.  For 
this  set  of  tests,  where  reheating  and  re- 
molding were  not  involved,  the  increased 
immersion  temperature  resulted  in  a  de- 
crease   in    wet    compressive    strength    and 
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Figure  1.— Comparison  of  basic  laboratory  mixture  with  plant   mixtures  tested   by  laboratory  B. 
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percentage  of  retained  strength  for  both 
the  limestone-dust  and  traprock-dust  mix- 
tures. This  comparison  is  shown  in  table 
10. 

Series  3  Tests 

The  results  of  the  tests  by  the  five  co- 
operating laboratories  on  the  mixtures  of 
series  3  are  shown  in  tables  11-16.  All  of 
the  mixtures  of  series  3,  except  those  tested 
by  laboratory  A,  contained  hVz  parts  of  as- 
phalt per  100  parts  of  aggregate.  Lab- 
oratory A  used  6  parts  per  100.  Most  of 
the  cooperating  laboratories  used,  in  addi- 
tion to  the  regular  immersion  for  4  days 
at  120°  F.,  one  or  more  variations  of  the 
immersion  procedure.  This  was  done  in 
order  to  develop  a  broader  knowledge  of  the 
effect  of  various  test  conditions.  The  study 
was  also  expanded  in  series  3  to  include 
several  additional  coarse  aggregates,  one 
additional  sand,  and  several  additional 
samples  of  fly  ash  and  other  fillers. 

Table  11  shows  the  results  of  the  tests 
of  series  3  made  by  laboratory  B.  This  table 
provides,  in  the  main,  a  comparison  be- 
tween traprock  dust  and  limestone  dust  as 
filler  material,  with  various  coarse  aggre- 
gates and  one  type  of  glacial  sand  from 
Massachusetts.  The  two  tests,  involving 
quartzite  dust  in  one  case  and  rhyolite  dust 
in  the  other,  are  auxiliary  tests,  as  were 


Table   10. — Effect  of  changing  the   immersion   temperature   from    120°    F.   to    140°    F. 
(immersion-compression  test,  immersion  period  4  days) 


Mixtures  with — 

Strength 

Immersion  at  120°  F. 

Immersion  at  140°  F. 

Dry 

Wet 

Retained 

Dry 

Wet 

Retained 

P.s.i. 

310 

292 

P.s.i. 

309 

302 

Percent 
100 
100+ 

P.s.i. 

310 

299 

P.s.i. 

283 

257 

Percent 
91 

86 

the  tests  on  silica  dust  throughout  the  study. 
The  results  of  these  tests  should  not  be 
compared  directly  with  those  of  series  1 
and  the  first  part  of  series  2  because  of  the 
lower  bitumen  content  of  the  series  3  mix- 
tures. On  the  whole,  the  traprock  dusts 
were  indicated  to  be  as  resistant  to  water 
action  in  the  mixtures  as  the  limestone  dust. 
In  the  standard  exposure  test,  immersion  at 
120°  F.  for  4  days,  the  lowest  retention  for 
a  traprock-dust  mixture  was  85  percent  and 
for  a  limestone-dust  mixture,  89  percent. 
The  high  values  were  94  percent  for  trap- 
rock and  92  for  limestone.  The  averages 
were  89+  for  traprock  dust  and  90  for 
limestone  dust. 

It  is  interesting  to  note  the  small  varia- 
tion in  percentage  of  retained  strength  for 


the  limestone-dust  mixtures,  considering  the 
variety  of  coarse  aggregates  used.  This 
confirms  the  results  of  other  studies  having 
to  do  with  the  application  of  the  immersion- 
compression  test  in  which  it  was  noted  that 
the  detrimental  effect  of  somewhat  inferior 
coarse  aggregate  could  be  compensated  by 
using,  among  other  things,  a  high-quality 
filler.  There  is  considerably  more  variation 
between  the  high  and  low  values  of  retained 
strength  for  the  traprock-dust  mixtures, 
probably  indicating  some  variation  in  the 
quality  of  the  traprock  dust  from  Massa- 
chusetts, Virginia,  and  New  Jersey,  as  well 
as  the  effect  of  different  coarse  aggregates. 
The  high  retention  of  strength  of  the 
quartzite-aggregate  mixture  with  quartzite 
filler  is  interesting  and  somewhat  surprising 


Table  11. — Results  of  series  3  immersion-compression  tests1  by  laboratory  B 


Coarse  aggregate 

Fine  aggregate 

Filler 

Air 
voids 

Dry 
strength 

Immersed  4  days 

Immersed  14  days 

Wet 

Strength 

Retained 
strength 

Wet 
Strength 

Retained 
strength 

Traprock  (Mass.) 

Percent 
6.8 
7.0 
6.1 
6  3 
6.5 
6.6 
4.2 
5.2 
4.1 
4.4 
4.3 
4.6 

P.s.i. 

301 

310 

324 

305 

293 

311 

363 

330 

375 

352 

309 

304 

P.s.i. 

258 

281 

275 

280 

276 

279 

339 

294 

363 

314 

163 

271 

Percent 
86 
91 
85 
92 
94 
90 
93 
89 
97 
89 
53 
89 

P.s.i. 

227 
267 
230 
274 
242 
269 
305 
281 
322 
308 
55 
257 

Percent 
75 
86 
71 
90 
83 
86 
84 
85 
86 
88 
18 
85 

do 

do                                        

do 

do                            

...do 

Traprock  E  (N.  J.) . . 

do 

Traprock  E  (N.  J.) 

do 

...do... 

Traprock  (Va.) .... 

do 

...do 

do   . 

...do 

...do 

do 

1  All  mixtures  contained  5.5  parts  85-100  penetration  asphalt  per  100  parts  of  aggregate.     Immersion  temperature  120°  F. 
»  Filler.  100  percent  passing  No.  200  sieve. 

Table  12. — Results  of  series  3  immersion-compression  tests  1  by  laboratory  C 


Coarse  aggregate 

Fine  aggregate 

Filler 

Air 
voids 

Dry 

strength 

Immersed  4  days 

Immersed  7  days 

Immersed  14  days 

Wet 
Strength 

Retained 
strength 

Wet 
Strength 

Retained 
strength 

Wet 

Strength 

Retained 
strength 

Traprock  E  (N.  J.) 

Glacial  sand  (Mass.) . . . 
do 

Percent 
5.5 
5.8 
6.0 
5.3 
4.3 
3  5 
3.7 
3.2 

5.0 
4.8 
5.6 
5.3 
4.0 
3.5 
3.6 
3.2 

P.s.i. 

297 

290 

304 

277 

235 

262 

243 

244 

360 
329 
313 
334 
291 
257 
334 
276 

P.s.i. 

235 

223 

236 

225 

226 

230 

246 

222 

277 
283 
275 
222 
277 
286 
285 
278 

Percent 
79 
77 
78 
81 
96 
88 
100+ 
91 

77 

86 

88 

66 

95 
100+ 

85 
100 

P.s.i. 

228 
213 
211 
119 
242 
225 
229 
235 

268 
275 
250 
52 
272 
277 
271 
283 

Percent 
77 
73 
69 
43 
100+ 
86 
94 
96 

74 

84 

80 

16 

93 
100+ 

81 
100+ 

P.s.i. 
217 
181 
196 

48 
222 
224 
215 
225 

262 
257 
235 
38 
267 
270 
272 
260 

Percent 
73 
62 
64 
17 
94 
85 
88 
92 

73 
78 
75 
11 
92 

100+ 
81 
94 

Traprock  F  (N.  J.) 

Silica  dust  (N.  J.) 

Fly  ash  A  (N.  J.) 

Fly  ash  B  (N.  J.) 

Fly  ash  C  (N.  J.) 

Fly  ash  D  (N.  J.)   

do 

do. . . 

do. .                    

do 

do.  .  . 

do.  .  . 

do 

do 

do.  .  . 

do. .  . 

do 

do 

Traprock  F  (N.  J.) 

do 

do 

do 

Traprock  E  (N.  J.) 

Traprock  F  (N.  J.) 

Silica  dust  (N.  J.) 

Fly  ash  A  (N.  J.) 

Fly  ash  B  (N.  J.) 

Fly  ash  C  (N.  J.) 

Fly  ash  D  (N.  J.) 

do.  .  . 

.  ..do.  .  . 

do.                        

do... 

do 

do. .  . 

do 

. .  ...do. . 

do 

do.. . 

do 

do 

'All  specimens  tamped  25  blows  on  each  of  two  layers  before  compressive  load  applied.  All  mixtures  contained  5.5  parts  85-100  penetration  asphalt  per  100  parts  of  aggregate. 
ImmeiBion  temperature  1JU    r.  «-*-*-*-_,*-  »»    e> 
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and,  together  with  the  test  results  on  the 
mixtures  containing  New  Jersey  silica  dust 
in  series  2,  may  indicate  that  not  all  silica- 
dust  fillers  should  be  assumed  to  be  unfit 
for  use  in  bituminous  concrete.  It  is  im- 
portant to  remember,  however,  that  final 
conclusions  should  not  be  drawn  from  lab- 
oratory results  alone  but  should  be  sub- 
ject to  confirmation  by  observation  of  per- 
formance in  field  service. 

Immersion  Period  Extended 

Increasing  the  immersion  period  from  4 
days  to  14  days  generally  had  a  minor  effect 
on  the  percentage  of  strength  retention  ex- 
cept in  the  case  of  the  rhyolite-dust  mix- 
ture, which  dropped  from  53  percent  at  4 
days  to  18  percent  at  14  days.  In  this  case, 
the  increased  immersion  period  did  not 
change  the  estimate  of  the  value  of  the 
rhyolite  filler  because  it  would  have  been 
considered  unsuitable  on  the  basis  of  its 
53  percent  strength  retention  after  the  4- 
day  immersion  test. 

Table  12  shows  the  results  of  the  tests 
of  series  3  made  by  laboratory  C.  The 
groups  of  mixtures  in  the  upper  and  lower 
halves  of  the  tabulation  are  the  same  ex- 


Table  13. — Results  of  series  3  immersion-compression  tests  1  by  laboratory  E 


Coarse  aggregate 

Fine  aggregate 

Filler 

Air 
voids 

Strength 

Dry 

Wet 

Retained 

Traprock  (Mass.) 

do 

Glacial  sand  (Mass.) . 

Traprock  E  (N.  J.) .  . 
Traprock  F  (N.  J.) .  . 
Fly  ash  A  (N.  J.) . .  . . 
Fly  ash  B  (N.  J.) . . . . 
Fly  ash  C  (N.J.).... 

Percent 
9.5 
9.9 
7.2 
7.4 
7.5 

P.s.i. 

339 

355 

297 

315 

316 

263 
271 
278 
271 
273 

Percent 
78 

do 

76 

do 

94 

do 

86 

86 

120°  F. 


Table  14. — Partial  results  of  series  3  immersion-compression  tests  *  by  laboratory  A 


Coarse  aggregate 

Fine  aggregate 

Filler 

Air 
voids 

Strength 

■" 

Dry 

Wet 

Retained 

Traprock  (Mass.) 

Glacial  sand  (Mass.) . 

Rhyolite  (Mass.) .... 

Limestone  dust 

Traprock  (Mass.) . . . 
Rhyolite  (Mass.) .... 

Limestone  dust 

Traprock  (Mass.) 

Percent 
7.0 
7.0 
7.7 
3.9 
2.9 
2.9 

P.S.I. 

400 
414 
378 
324 
333 
332 

P.s.i. 

253 

288 

277 

232 

361 

345 

Percent 

63 

70 

73 

72 

100+ 
100+ 

do 

do 

do.  .  . 

do 

do 

do 

...do. 

'Six  parts  85-100  penetration  asphalt  per  100  parts  of  aggregate  used  in  all  mixtures.    All  si 
group  cured  by  the  standard  method,  24  hours  at  140°  F.     Immersion  for  14  days  at  120°  F. 


Table  15. — Partial  results  of  series  3  immersion-compression  tests  *  by  laboratory  A 


Test 

A 
B 
C 

X 
Y 
Z 

Aggregate 

Air 
voids 

Special 

dry 
strength 

after 

additional 

curing 

14  days 

at  120°  F. 

Immersed  4  days 

at  120°  F.  after 

additional  curing  10 

days  at  120  °F. 

Immersed  14  days 

at  120°  F.  after 

standard  curing  onlv. 

(24  hours  at  140°F.) 

Coarse 

Fine 

Filler 

Wet 
Strength 

Retained 
strength 

Wet 
Strength 

Retained 

strength 

Percent 
7.0 
7.0 
7.7 
3.9 
2.9 
2.9 
8.5 
7.7 
8.5 

P.s.i. 

428 

447 

433- 

427 

443 

427 

630 

600 

560 

P.s.i. 

376 

399 

393 

397 

406 

413 

533 

544 

514 

Percent 
88 
89 
91 
93 
92 
97 
85 
91 
92 

P.s.i. 

253 

288 

277 

232 

361 

345 

357 

397 

354 

Percent 
59 
64 
64 
54 
81 
81 
57 
66 
63 

do 

do 

...do. . 

...do... 

do 

do 

.  ..do 

do.  . 

...do 

Traprock  (Mass.) 

...do. . 

do 

. . .do 

...do. . . 

...do.. . 

1  Six  parts  85-100  penetration  asphalt  per  100  parts  of  aggregate  used  in  all  mixtures.     All  specimens  in  this  group  cured  by  the  standard  method,  24  hours  at  140°  F.   Some  were 
then  given  additional  curing  as  indicated  in  column  heads.     Tests  X,  Y,  and  Z  are  check  runs  on  A,  B,  and  C. 


Table  16. — Results  of  series  3  immersion-compression  tests  1  by  laboratory  D 


Mix- 
ture 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 


Coarse  aggregate 


Traprock  (Mass.). 

do 

do 

do 

do 

do 

do 

do 

Rhyolite  (Mass.) . 
do. 


do.... 

do.... 

do.... 

do.... 

do 

do 

do 

do 

do    ... 

Slag  (Md.) . 

....do.... 
do.. .. 


Fine  aggregate 


Glacial  sand  (Mass.) 
do 


.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 
.do. 


Potomac  River  sand . 
do 


.do. 
.do. 
.do. 
.do. 


Filler 


Traprock  E  (N.  J.) .  .  . 
Traprock  F  (N.  J.) .  .  . 

Rhyolite  (Mass.) 

Traprock  (Mass.) 

Fly  ash  A  (N.  J.) 

Fly  ash  B  (N.  J.) 

Fly  ash  C  (N.J.) 

Fly  ash  (111.) 

Traprock  E  (N.  J.)  .  . 
Traprock  F  (N.  J.)  .  .  . 

Rhyolite  (Mass.) 

Traprock  (Mass.) 

Fly  ash  A  (N.  J.) 

Fly  ash  B  (N.  J.) 

Fly  a?h  C  (N.  J.) 

Fly  ash  (III.) 

do 

Rhyolite  (Mass.) 

Mica  dust  (Md.) 

Rhyolite  (Mass.) 

Fly  ash  (111.) 

Mica  dust  (Md.) 


Air 

voids 


Percent 
9.1 
9.9 

8.7 

9.4 

7.4 

7.7 

7 

7 

5 

6 

4 

5 


3.7 
3.4 
3.5 
3.5 

4  5 
5.5 
6.9 
6.5 
5.4 
7.1 


Dry 

strength 


P.s.i. 

286 

261 

293 

281 

253 

256 

255 

263 

286 

245 

294 

272 

254 

273 

267 

261 

259 

288 

278 

365 

342 

375 


Immersed  4  days 
at  120°  F. 


Wet 
Strength 


P.s.i 
228 
229 
70 
260 
240 
246 
242 
252 
238 
252 
130 
265 
248 
233 
244 
259 
282 
116 
253 
277 
312 
314 


Retained 
strength 


Percent 

80 

88 

24 

93 

95 

96 

95 

96 

83 
100+ 

44 

97 

98 

85 

91 

99 
100+ 

40 

91 

76 

91 

84 


Immersed  4  days 
at  140°  F. 


Wet 
Strength 


P.s.i. 


48 

16 

225 

80 

233 

92 

228 

89 

251 
231 
255 

50 
238 
244 
241 
243 
261 
288 

43 
215 
103 
305 
279 


Retained 
strength 


Percent 


95 

81 
100+ 

17 

88 

96 

88 

91 
100 
100+ 

15 

77 

28 

89 

74 


Immersed  14  days 
at  120°  F. 


Wet 
Strength 


P.s.i. 

223 

237 

42 


256 
240 
218 
228 


257 
50 

225 
90 

287 

252 


Retained 
strength 


Percent 
78 
91 
14 


100  + 
94 
85 
87 


99 
17 
81 
25 
84 
67 


«  All  mixtures  except  Nos.  20,  21,  and  22  contained  5.5  parts  85-100  penetration  asphalt.  In  mixtures  Nos.  20,  21.  and  22  about  two  parts  per  100  of  additional  asphalt  were  used 
to  satisfy  the  absorption  of  the  slag. 
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Table  17. — Summary  of  all  mixtures  of  series  3 


Filler 


Traprock  dust  (M 

do.2 

do. 

■ 



Traprock  du 

do 

do. 

do 

do 

Traprock  dust  F  (N.  J.), 
do 
do... 

do 

do 

Traprock  dust  (Ya.) 


Average  percentage  of  re- 
tained strength,  trap- 
rock dust 


Limestone  dust . 

do.8 

do. 


do. 
do. 
do. 
do 
do. 
do. 
do. 
do. 


Average  percentage  of  re- 
tained strength,  lime- 
stone dust 


Fly  ash  A  (N.  J.) . 

do 

do 

do 

•I,.      

Fly  ash  B  (N.  J.). 

do 

do 

do 

■  1-        

Flv  ash  C  (N.  J.) 

do 

do 



do     

Fly  ash  D  (N.  J.). 

do 
Fly  ash  (111.) 

do 

do.. 

do.. 


Average  percentage  of  re- 
tained strength,  fly  ash 


Rhyolite  dust  (Mass.) . 

do 

do... 
do. 

do 

do... 

do 


Average  percentage  of  re- 
tained strength,  rhyo- 
lite dust 

Quartzite  dust  (Pa.) 


Silica  dust  i  \    J 
do.. 


Mica  dust  (Md.). 
do 


Coarse  aggregate 




Rhvolite  (Mas-.)  .  .  . 

....do 

Traprock  E  (N.  J.) . 

.  .  do 

Traprock  F  (N.  J.)  . 
Traprock  (Mass.). . 

do      . 
Rhyolite  (Ma 

Traprock  E  (N.  J.)  . 
Traprock  F  (N.  J.). 
Traprock  (Mass.). . . 

....do 

Rhyolite  (Ma 
Traprock  (Ya.) 


Traprock  (Mass.). 

....do 

....do 

..do 

Traprock  E  (N.  J.). 

....do 

Traprock  F  (N.  J.) . 

Traprock  (Va.) 

Rhyolite  (Mass.)  .  .  . 

....do 

Quartzite  (Pa.) 


Traprock 
Traprock 
Traprock 
...do.. 
Rhyolite 
Traprock 
Traprock 
Traprock 
. . . .do.. 
Rhyolite 
Traprock 
Traprock 
Traprock 

do 
Rhyolite 
Traprock 
Traprock 
Traprock 
Rhyolite 
....do.. 
Slag  (Md 


E  (N.  J.). 
F  (N..I.). 
(Mass.). . . 


I  Mass.)  .  . 
E  (N.  J.). 
F  (N.  J.). 
(Mass.).. 


(Mass.)  .  . 
E  (N.  J.). 
F  (N.  J.). 
(Mass.) . . 


(Mass.)  ,  . 
E  (N.  J.). 
F  (N.  J.). 

(Mass.) , 
(Mass.)  .  . 


Traprock  (Mass.). 
do. 
do. 


Rhyolite  (Mass.) . 

... .do 

....do 

....do 

Slag  (Md.) 


Quartzite  (Pa.). 


Traprock  E  (N.  J.) . 
Traprock  F  (N.  J.)  . 


Rhyolite  (M 
Slag  (Md.) 


Laboratory 


B 

B 

A 

A 

D 

A 

D 

B 

C 

C 

I 

l» 

D 

C 

C 

E 

D 

D 

B 


Voids 


6.8 
6.1 

7.7 

8  5 
9.4 
2  9 
.5.1 
6.5 
5.8 
4.8 
9.5 

9  1 
5.5 
6.0 
5.6 
9.9 
9.9 
6.0 
4.2 


7.0 
6.3 
7.0 
7.7 
6.6 
5.5 
5.0 
5.2 
4.6 
2.9 
4.4 


4.3 
4.0 
7  2 
7,4 
3.7 
3.5 
3.5 
7.4 
7.7 


4 
7 
6 
5 
1 

5 
2 
3.2 
7.3 
3.5 
4.5 
5.4 


5.3 
5.3 


6.9 

7.1 


Dry 


P.S.J. 

301 

433 
560 
281 

■127 
272 
293 
290 
329 
339 
286 
286 
304 
313 
355 
261 
245 

36 ; 


310 
305 
447 
600 
311 
297 
360 
330 
304 
443 
352 


235 
291 
297 
253 
254 
262 
257 
315 
256 
273 
243 
334 
316 
255 
267 
244 
276 
263 
261 
259 
342 


428 
630 
293 

294 
288 
309 
427 
365 


375 


277 
334 


278 
375 


Strength 


Wet 


P.s.i. 

258 
275 
393 
514 
260 
413 
265 
276 
223 
283 
263 
228 
238 
236 
275 
271 
229 
252 
339 


281 

280 
399 
544 
279 
235 
277 
294 
271 
406 
314 


226 
277 
278 
240 
248 
230 
286 
271 
246 
233 
246 
285 
273 
212 
244 
222 
278 
252 
259 
282 
312 


376 
533 
70 
130 
116 
163 
397 
'277 


363 


225 
222 


253 
314 


Retained 


Percent 

86 

85 

391 

"  92 

93 
3  97 

97 

94 

77 

86 

78 

80 

83 

78 

88 

76 

88 
10(1  j 

93 


87 


91 
92 

«89 
"91 
90 
79 
77 
89 
89 

3  92 
89 


96 
95 
94 
95 

98 

88 
llio  , 

86 

96 

85 
100  + 

85 

86 

95 

91 

91 
100  + 

96 

99 
100  + 

91 


94 


i485 
24 
44 
40 
53 
3  93 
76 


63 


97 


81 
66 


91 

si 


1  Retained  strengths  shown  for  1-day,  120c  F.  immersion  only. 
-  Sieved  to  pass  No.  200  sieve. 

>  Molded  specimens  for  the  dry-strength  test  were  cured  1  day  at  140°  F.  and  14  additional  days  at  120°  F. 
Specimens  for  wet-strength  test  cured  1  day  at  140°  F.  and  10  additional  days  at  120°  F.  before  immersion. 

4  Check  test  of  mixture  reported  on  line  next  above  but  no    explanation  available  for  increases  in  dry  and  wet 
•tlis. 


cept  for  the  coarse  aggregate.  Both  coarse 
auu'regates  are  traprock  but  they  are  from 
different  sources  in  New  Jersey.  The  sand 
used  throughout  was  the  same  Massachu- 
setts glacial   material   as   that   used  in   the 


silica-dust,  and  fly-ash  fillers  were  all  New 
Jersey   materials. 

All  of  the  mixtures  containing  coarse 
aggregate  E  (upper  half  of  table  12)  would 
be  considered  satisfactory  on   the  basis  of 


first  and  second  series.     The  traprock-dust,      the   4-day   immersion   test   if,   as   has   been 


suggested  in  connection  with  other  studies, 
75-percent  retention  is  taken  as  the  critical 
value.  Of  the  mixtures  containing  coarse 
aggregate  F,  all  would  be  considered  satis- 
factory on  the  basis  of  the  4-day  test  ex- 
cept the  one  containing  silica-dust  filler. 

Increasing  the  immersion  period  caused 
drastic  additional  loss  of  strength  in  both  of 
the  mixtures  containing  silica-dust  filler  but 
did  not  seriously  affect  the  other  14  mix- 
tures. 

For  the  standard  4-day  immersion,  the 
percentage  of  original  dry  strength  retained 
after  immersion  by  the  four  traprock-dust 
mixtures  ranged  from  77  to  88,  averaging 
82.  The  retention  for  the  eight  fly-ash  mix- 
tures ranged  from  85  to  100  percent,  averag- 
ing 94.  The  two  control  mixtures,  contain- 
ing limestone  dust,  retained  77  and  79  per- 
cent of  their  dry  strength  after  immersion. 
Thus,  the  traprock-dust  mixtures  were  in- 
dicated by  the  test  to  be  equal  or  superior 
to  the  limestone-dust  mixtures  and  the  fly- 
ash  mixtures  were  indicated  to  be  con- 
siderably superior  to  the  limestone-dust 
mixtures. 

The  results  of  the  cooperative  tests  by 
laboratory  E  are  shown  in  table  13.  Here 
the  comparison  is  limited  to  traprock  dust 
versus  fly  ash,  with  a  single  coarse  aggre- 
gate, but  the  retention  values  are  of  the 
same  order  as  those  previously  discussed — 
the  traprock-dust  mixtures  being  satisfac- 
tory according  to  the  75-percent  criterion 
and  the  fly-ash  mixtures  rating  considerably 
above  the  suggested  critical  value. 

In  tables  14  and  15,  the  results  of  the 
tests  by  laboratory  A  are  shown.  The  work 
done  by  laboratory  A  in  series  3  was  of  an 
exploratory  nature  and  the  proportions 
used,  6  parts  of  bitumen  to  100  parts  of 
aggregate,  as  well  as  various  procedures 
that  were  followed,  had  no  counterpart  in 
the  work  of  the  other  laboratories.  Within 
themselves,  however,  the  results  of  the  tests 
by  laboratory  A  show  the  same  general 
trends  as  those  discussed  in  connection  with 
tables  11,  12,  and  13.  In  the  4-day  im- 
mersion test,  as  shown  in  table  15,  the 
strength  retention  of  the  limestone-dust  and 
traprock-dust  mixtures  was  about  the  same, 
the  minor  differences  being  slightly  in  favor 
of  the  traprock  dust.  Tests  X,  Y,  and  Z 
were  check  runs  against  A,  B,  and  C,  re- 
specti\-ely.  The  large  differences  between 
the  dry  and  wet  compressive  strengths  of 
the  two  sets  of  tests  cannot  be  explained. 
In  spite  of  these  differences,  the  values  for 
percentage  of  retained  strength  are  in  close 
agreement  in  the  two  sets  of  tests  and,  more- 
over, the  relative  values  for  traprock  dust 
and  limestone  dust  are  in  agreement  with 
those  of  the  other  cooperating  laboratories. 

The  results  of  the  series  3  tests  by  lab- 
oratory D  are  shown  in  table  16.  A  direct 
comparison  between  traprock-dust  and  lime- 
stone-dust mixtures  with  5%  parts  of  as- 
phalt having  been  made  in  its  series  2 
tests,  laboratory  D  concentrated  mainly,  in 
series  3,  on  obtaining  a  broad  comparison 
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Table  18 Comparison  of  traprock  dust,  fly  ash,  and  limestone  dust  in  series  2  and  3 


Coarse  aggregate 

Reporting 
laboratory 

Retained  strength  after  immersion,  4  days,  120°  F. 

Traprock  dust 

Fly  ash 

Limestone 
dust 

Massa- 
chusetts 

New  Jersey 

Virginia 

New  Jersey 

Illinois 

E 

F 

A 

B 

C 

D 

Series  3  Mixtures  (5.5  parts  asphalt  except  as  noted) 

B 
B 
B 

B 
C 
C 
E 

A2 

A' 

D 

B 

B 

A> 

D 

D 

D3 

Percent 

86 

'85 

Percent 
94 

Percent 

Percent 
93 

Percent 

Percent 

Percent 

Percent 

Percent 

Percent 
91 
'92 
90 
89 
79 
77 

do 

do 

do 

do 

77 
86 
78 

78 
88 
76 

96 
95 
94 

88 

100+ 
86 

100+ 
85 
86 

91 

100 

do 

do 

do 

91 
92 
93 

89 
91 

do 

do 

80 

88 

95 

96 

95 

96 

89 
89 
92 

97 
97 

do 

83 

100+ 

98 

85 

91 

99 

100+ 
91 

do 

Slag 

Series  2  Mixtures  (5.5  parts  asphalt  only) 

B 
D 

80 
93 

93 
100 

80 

88 

do. . 

90 

83 

86 

93 

96 

91 

91 

96 

97 

87 

'  Filler  sieved  to  pass  No.  200  sieve.     All  others  tested  as  received. 

2  Mixtures  contained  6  parts  asphalt  to  100  parts  of  aggregate  (basic).     Curing  non-standard  (see  table  15). 

3  Mixture  contained  2  parts  of  extra  asphalt  to  satisfy  absorption  of  slag,  or  a  total  of  7.5  parts  per  100  parts  of  aggregate,  but  may  be  considered  to  contain  5.5  parts  of  effec- 
tive asphalt. 


between  traprock  dust  and  fly  ash.  Mis- 
cellaneous fillers,  an  extra  coarse  aggregate, 
and  an  additional  sand  were  also  included 
in  the  program  for  the  purpose  of  broaden- 
ing  the   basis  for  conclusions. 

In  the  standard  4-day  immersion  test,  the 
traprock-dust  mixtures  consistently  retained 
80  percent,  or  more,  of  the  dry  strength.  The 
values  for  the  six  mixtures  ranged  from 
80  to  100  percent  and  averaged  90  percent. 
Thus,  all  of  them  would  be  rated  as  satis- 
factory on  the  basis  of  the  75-percent  cri- 
terion. Among  the  ten  mixtures  of  series  3 
containing  fly  ash,  only  one  retained  less 
than  90  percent  of  its  dry  strength  in  the 
4-day,  120°  F.  immersion  test.  The  range 
of  retentions  for  these  ten  mixtures  was 
from  85  to  100  percent  and  the  average  was 
95  percent.  Thus,  as  in  the  other  cooperat- 
ing laboratories,  the  fly-ash  mixtures  were 
indicated  to  be  superior  to  the  traprock-dust 
mixtures  in  resistance  to  moisture. 

The  rhyolite  dust  did  not  show  up  well 
in  the  series  3  tests  by  laboratory  D,  es- 
pecially with  the  crushed  stone  aggregates. 
None  of  the  rhyolite  mixtures  with  crushed 
stone  would  be  considered  satisfactory  on 
the  basis  of  the  4-day  immersion  test,  and 
the  one  rhyolite-dust  mixture  with  crushed 
slag,  while  barely  exceeding  the  suggested 
75-percent  criterion,  was  at  best  a  border- 
line case. 

The  special  tests  with  the  immersion  tem- 
perature raised  to  140°  F.  in  one  case,  and 
the  immersion  time  increased  to  14  days 
in  the  other,  did  not  add  much  information 
concerning    the    relative    behavior    of    the 
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various  fillers  to  that  shown  in  the  standard 
test,  immersion  for  4  days  at  120°  F.  In 
general,  as  compared  to  the  standard  test, 
these  special  tests  slightly  reduced  the  re- 
tained strength  of  mixtures  containing  trap- 
rock dust  and  fly  ash,  but  not  by  significant 
amounts.  They  resulted  in  major  reductions 
in  retained  strength  of  the  mixtures  con- 
taining rhyolite  filler  which  the  standard 
test  had  already  indicated  to  be  unsatis- 
factory. 

The  tests  on  the  natural  mica  dust  from 
Maryland  showed  it  to  be  about  equivalent 
in  its  laboratory  test  behavior  to  the  trap- 
rock dusts. 

The  change  from  glacial  sand  to  Potomac 
River  sand  in  some  of  the  mixtures  con- 
taining rhyolite  coarse  aggregate  (see  table 
16)  caused  no  significant  change  in  the  test 
values.  Compare  mixture  No.  16  with  No. 
17,  and  mixture  No.  11  with  No.  18.  There- 
fore, in  comparing  the  test  results  on  the 
various  mixtures,  the  type  of  sand  used  in 
these  tests  need  not  be  regarded  as  a  vari- 
able factor. 

Summary 

All  the  data  from  tables  11-16  that  were 
obtained  from  the  4-day,  120°  F.,  immersion 
test  have  been  assembled  in  table  17  in  order 
to  present  an  over-all  picture  for  series 
3.  The  average  percentages  of  retained 
strength  for  the  mixtures  containing  the 
various  fillers  indicate  rhyolite  to  be  un- 
satisfactory, limestone  dust  and  traprock 
dust  essentially  equal  to  each  other  and  well 


within  the  class  of  satisfactory  materials, 
and  fly  ash  superior  to  all  the  rest. 

In  table  18  the  data  from  table  17,  series 
3  tests,  pertaining  to  traprock  dust,  fly  ash, 
and  limestone  dust,  and  those  from  table  6, 
series  2  tests,  that  contained  hxk  parts  of 
asphalt,  have  been  arranged  so  that  the 
range  of  values  for  retained  strength  ob- 
tained by  the  various  laboratories  for  each 
of  the  filler  samples  can  be  more  readily 
seen.  Table  18  also  indicates  the  degree 
of  agreement  among  the  cooperating  lab- 
oratories on  test  values  for  individual  ma- 
terial combinations.  It  is  especially  interest- 
ing to  note  that,  despite  some  lack  of  agree- 
ment on  the  dry  and  wet  compressive 
strength  values  and  percentages  of  retained 
strength,  the  individual  laboratories  all 
show  the  same  relative  performance  of 
these  three  filler  materials.  This  agree- 
ment has  been  apparent  in  the  preceding 
discussion  of  the  individual  laboratory  re- 
ports, tables  11-16.  Thus,  the  main  ob- 
jective of  the  study,  to  evaluate  the  relative 
laboratory  performance  of  traprock  dust, 
fly  ash,  and  limestone  dust  as  fillers  in 
bituminous  concrete,  appears  to  have  been 
achieved. 

The  related  studies  that  were  conducted 
by  most  of  the  cooperators,  to  explore  the 
need  for  higher  immersion  temperatures  or 
longer  immersion  periods  in  the  exposure 
test,  were  of  definite  value  in  two  ways. 
First,  they  indicated  that  generally  the 
4-day  test  at  120°  F.  can  be  relied  upon  to 
give  a  satisfactory  separation  between  good 
and  poor  fillers,   and   second,  they   showed 
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that  usually,  for  fillers  of  bad  repute,  the 
extension  of  the  120°  F.  immersion  to  14 
days  greatly  magnified  the  detrimental  ef- 
of  the  water  whereas,  in  the  case  of  the 
resistant  fillers,  the  extended  exposure 
caused  little  additional  damage  over  that 
resulting  from  the  4-day  immersion.  Thus, 
if  for  any  reason  it  should  be  felt  that  a 
given  material  showing  satisfactory  be- 
havior in  the  4-day  test  might  actually  not 
be  a  satisfactory  filler  in  practice,  it  could 
be  checked  at  the  longer  immersion  period 
to  clear  up  any  doubt. 

There  appears  to  be  no  evidence  that  4- 
day  immersion  at  140°  F.  would  provide  any 
more  convincing  information  than  the  stand- 
ard exposure  for  4  days  at  120°  F. 

Some  of  the  other  supplemental  studies 
conducted  by  individual  laboratories  have 
also  been  useful  and  informative.  Those 
of  laboratory  B,  mentioned  in  connection 
with  the  discussion  of  table  7,  showed  a 
slight  tendency  for  the  fine  portion  of  the 
mineral  powder  to  act  more  effectively  as  a 
filler  than  when  the  portion  retained  on  the 
No.  200  sieve  was  included.  Those  of  lab- 
oratories B  and  C,  discussed  in  connection 
with  tables  8  and  9,  showed  in  a  striking 
way  the  misleading  strength  values  that 
may  be  expected  when  cooled  mixtures  are 


reheated  for  molding  or  when  previously 
compacted  mixtures  are  broken  up,  reheated, 
and  molded. 

Laboratory  D  made  chemical  analyses  of 
four  fly-ash  samples,  three  traprock-dust 
samples,  and  one  sample  of  rhyolite  dust. 
The  results  of  these  analyses  are  given  in 
table  19.  They  are  presented  to  make  avail- 
able as  much  information  as  possible  con- 
cerning the  materials  used  but  they  are  not 
sufficiently  extensive  to  permit  a  study  of 


the  possible  effect  of  chemical  composition 
on  the  behavior  of  the  fillers.  It  may  be 
noted  that  the  fly-ash  samples  showed  the 
lowest  silica  content  (41  to  48  percent)  and 
the  best  behavior  in  the  test  mixtures,  while 
the  traprock  samples  with  slightly  higher 
silica  contents  (50  to  52.  percent)  rated 
second  in  performance.  The  rhyolite,  with 
the  highest  silica  content  (64  percent), 
showed  generally  unsatisfactory  perform- 
ance in  the  test  mixtures. 


Table  19. — Chemical  analyses  of  fly  ash,  traprock,  and  rhyolite  fillers 


Illinois 
Fly  ash 

New  Jersey — 

M  assachueetts — 

Fly  ash 
A 

Fly  ash 
B 

Fly  ash 
C 

Traprock 
E 

Traprock 
F 

Traprock 

Rhyolite 

Ignition  loss  (1,000° 
C.)  i 

Percent 
3.0 

45.3 
20.2 
19.4 
6.3 
1.1 
1.8 
1.3 
2.0 

Percent 
4.1 

47.8 

14.7 

28.6 

1.5 

1.2 

.5 

.3 

1.9 

Percent 
2.4 

41,2 

24.1 

22.1 

5.6 

1.3 

1.4 

.7 

1.2 

Percent 
5.0 

42.8 

30.0 

16.1 

3.7 

.7 

.6 

.3 

1.4 

Percent 
2.3 

50.9 
14.6 
11.3 

9.7 

7.9 

2 

2!6 

.6 

Percent 
2.0 

52.1 

17.0 

12.0 

8.6 

4.7 

.1 

2.2 

.8 

Percent 
3.4 

49.9 

14.5 

14.0 

9.3 

6.1 

Percent 
3.1 

64.1 

14.9 

5.3 

3.6 

2.0 

Chemical  analysis: 
Si02 

AI2O3. .  . 

Fe203 

CaO   

MgO 

SO3 

Na20 

2.6 

.7 

3.8 
3.1 

K2O 

Total 

100.4 

100  6 

100.0 

100.6 

100.1 

99.5 

100.5 

99.9 

1  Any  free  carbon  present  is  included  in  this  percentage.     In  the  case  of  the  fly-ash  samples,  it  is  likely  that  a 
major  part  of  the  ignition  loss  represents  free  carbon. 
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1942,  10  cents.         1947,  20  cents.         1949,  25  cents. 
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Annual  Reports  of  the  Bureau  of  Public  Roads: 
1950,  25  cents.         1951,  35  cents. 


HOUSE  DOCUMENT  NO.  462 

Part  1. — Nonuniformity  of  State  Motor-Vehicle  Traffic  Laws. 
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State  Transportation  Map  series  (available  for  39  States).  Uni- 
form sheets  26  by  36  inches,  scale  1  inch  equals  4  miles.  Shows 
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Prices  and  number  of  sheets  for  each  State  vary — see  Super- 
intendent of  Documents  price  list  53. 

United  States  System  of  Numbered  Highways  together  with  the 
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Guides  to  Traffic  Safety.  10  cents. 

Highway  Accidents.   10  cents. 

Highway  Bond  Calculations.  10  cents. 

Highway  Bridge  Location.    (No.  1486D).  15  cents. 
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Highway  Needs  of  the  National  Defense  ( House  Document  No. 
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Highway  Practice  in  the  United  States  of  America.  75  cents. 
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1946,  50  cents.  1948,  65  cents.  1950,  60  cents. 
Highway  Statistics,  Summary  to  1945.  40  cents. 
Highways  in  the  United  States  (nontechnical).  15  cents. 
Highways  of  History.  25  cents. 

Identification  of  Rock  Types.  10  cents. 

Interregional  Highways  x(House  Document  No.  379).  75  cents. 

Legal  Aspects  of  Controlling  Highway  Access.  15  cents. 

Local  Rural  Road  Problem.  20  cents. 

Manual  on  Uniform  Traffic  Control  Devices  for  Streets  and 
Highways.  75  cents. 

Mathematical  Theory  of  Vibration  in  Suspension  Bridges.  $1.25. 

Principles  of  Highway  Construction  as  Applied  to  Airports, 
Flight  Strips,  and  Other  Landing  Areas  for  Aircraft,  $1.75. 

Public  Control  of  Highway  Access  and  Roadside  Development. 
35  cents. 

Public  Land  Acquisition  for  Highway  Purposes.  10  cents. 

Roadside  Improvement   (No.  191MP).  10  cents. 

Selected  Bibliography  on  Highway  Finance.  55  cents. 

Specifications  for  Construction  of  Roads  and  Bridges  in  Na- 
tional Forests  and  National  Parks    (FP-41).  $1.50. 

Taxation  of  Motor  Vehicles  in  1932.  35  cents. 

Tire  Wear  and  Tire  Failures  on  Various  Road  Surfaces.  10 
cents. 

Transition  Curves  for  Highways.  $1.25. 
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STATUS  OF  FEDERAL-AID  HIGHWAY  PROGRAM 

\s  OF  OCTOBER  31,  1952 
(Thousand  Dollars) 

SI  A  1  1 

ACTIVE     PROGRAM 

BALANCES 

PROGRAMMED  ONLY 

PLANS  APPROVED. 
CONSTRUCTION  NOT  START!  1) 

CONSTRUCTION  UNDER  WAY 

TOTAL 

Total                       Federal                     . .  , 

Funds                      M,les 

Total 
Cost 

Funds 

Miles 

Total 
Cost 

Federal                     .,., 
Funds                    M,les 

Total 
Cost 

Federal 
Funds 

Miles 

Alabama 
Arizona 
Arkansas 

$3,**32 

802 
2,976 

$32,212 
2,327 

9, 1*32 

$16,361 
1,1*95 
5,043 

518. 3 

60.2 

272.7 

$5,302 

772 

2,331* 

$2,706 

375 
1,184 

103.5 
13.9 

81.1 

$25,582 

8,251 

15,367 

$13,075 
5,038 
7,851 

411.7 
106.7 
382.4 

$63,096 
11,350 
27,133 

$32,142 

6,908 
14,078 

1,033.5 
180.8 
736.2 

California 
Colorado 
Connecticut 

1,222 
1,574 
i*,159 

5,291* 

6,605 

2,280 

2,865 
3,699 
1,242 

72.5 

134.2 

7.8 

9,3i*9 
1,696 
4,063 

5,131 

943 

2,026 

6I.9 
53.1 
10.3 

93,791 
9,952 

9,379 

44,661 
4,884 
1*,765 

229.3 

140.1 

15.7 

108,434 
18,253 
15,722 

52,657 
9,526 
8,033 

363-7 

327.1* 

33.8 

Delaware 

Florida 

Georgia 

1,091* 

81*3 

2.120 

961* 
14,262 
15.867 

482 
7,301 

8.171 

2.8 
186.2 
356.5 

1,091 

12,009 

7.119 

546 
6,030 
3.639 

4.8 

204.8 

99.1 

6,471 
12,960 
36.181 

3,273 

6,668 

17.167 

33-5 
166.0 
545.5 

8,526 
39,231 
59.167 

4,301 
19,999 
28.977 

41.1 

557.0 

1,001.1 

Idaho 

Illinois 

Indiana 

3,262 
6,886 
7.110 

8)61*1* 
36,084 

32.851 

5,167 
19,565 

254.1 
358.9 
149.8 

2,075 

18,469 

6,826 

L,33o 

10,378 

1,578 

45.0 
107.1* 
118.4 

6,956 
71,205 
27,3,1*? 

4,438 
35,836 
14,565 

98.6 
634.8 
227.3 

17,675 

125,758 

67.026 

10,941 
65,779 
34.959 

397.7 

1,101.1 

495.5 

Iowa 

Kansas 

Kentucky 

2,102 

3,862 

827 

12,260 

8,361 

15,51*9 

6,630 
4,102 
8,535 

283.2 
930.2 
242.2 

964 
5,806 
6,1*75 

516 
2,820 
•3,315 

1*9.7 
469.3 
148.3 

20,894 
17,722 
16,887 

10,477 
9,246 
8,375 

958.1 
73"*. 9 
262.9 

34,118 
31,889 
38,911 

17,623 
16,168 
20,225 

1,291.0 

2,134.4 

653.1* 

Louisiana 

Maine 

Maryland 

1,830 

152 

!*,913 

12,796 
6,892 
7,836 

6,196 
3,691 
3,605 

93.1* 
30.4 
58.O 

5,671 

891* 

2,916 

2,809 

491 

1,291* 

35.0 

8.6 

31.1 

24,418 

12,788 

9,999 

11,725 
6,269 
5,375 

168.8 
97.1* 
30.3 

42,885 
20,571* 
20,751 

20,730 
10,451 
10,274 

297.2 
136.4 
119.4 

Massachusetts 

Michigan 

Minnesota 

3,116 
1,208 
2,781* 

4,194 

21,731 
8,350 

2,242 

11,031 

4,704 

18.6 
31*9.3 

880.1 

867 
l*,567 
1,351* 

436 

2,294 

790 

103.3 
127.3 

47,652 
61,990 
19,257 

22,771 
27,097 
10,364 

47.O 
321.8 
648.2 

52,713 
88,288 
28,961 

25,449 
40,422 
15,858 

65.6 

771*.  1* 

1,655.6 

Mississippi 

Missouri 

Montana 

1,866 
6,719 
5,898 

14,486 

24,736 

8,692 

7,31*9 

12,602 

5,021 

533-6 
855.1 
264.4 

4,902 
8,608 
1,331 

2,569 

1*,307 

793 

151*. 9 

128.5 

12.5 

16, 410 
37,567 
14,170 

8,51*2 

19,690 

8,502 

512.5 
484.0 
246.4 

35,798 
70,911 
24,193 

18,460 
36,599 
11*,  316 

1,201.0 

1,467.6 

523.3 

Nebraska 

Nevada 

New  Hampshire 

11,768 
1,868 
1,350 

9,971* 
5,711 
3,878 

5,350 
4,480 
1,939 

424.: 

185.2 

21.0 

634 

1,673 

763 

373 

1,097 

380 

29.6 

91.3 

2.5 

16,104 
2,733 
3,822 

7,911* 
2,236 
2,043 

1*87.3 
70.3 
22.5 

26,712 

10,117 

8,463 

13,637 
7,813 
1*,362 

91*1.1 

346.8 

46.0 

New  Jersey 
New  Mexico 
New  York 

1,5**5 

798 

11.695 

8,593 

2,027 
83,222 

4,240 

1,297 

1*3,916 

36.5 

64.4 

151.2 

6,957 

3,041 

38.969 

3,1*51 

1,949 

19.109 

3.6 

111.6 

60.6 

32,735 

7,51*5 

127.711 

16,201 

4,824 

57.923 

36.1 
212.6 
498.6 

48,285 

12,613 

249,902 

23,892 

8,070 

120,948 

76.2 
388.6 
710.4 

North  Carolina 
North  Dakota 
Ohio 

2,160 
2,081* 

6,804 

20,145 

1*,383 

16.189 

9,7**7 
2,324 
7.980 

326.4 
707.6 
109.0 

5,301 
1,592 
6,214 

2,518 

79"* 

3,634 

91.5 

287.3 

21.6 

27,620 

9,31*6 

96.843 

13,1*73 

i*,713 

1*7.501 

1*96.7 
812.9 
195.5 

53,066 

15,321 

119,21*6 

25,738 

7,831 

59,115 

911*.  6 

1,807.8 

326.1 

Oklahoma 

Oregon 

Pennsylvania 

2,925 

357 

6r509 

10,540 

1,891 

21.401 

5,878 

1,040 

10.693 

158.8 

2.4 

45.4 

7,700 

1,961 

11.428 

3,886 
1,212 
5,706 

163.3 
16.1 
62.7 

21,333 
H*,538 
86.654 

11,316 

8,189 

43.091 

244.6 
214.1 

187.7 

39,573 

18,390 

119,483 

21,080 
10,441 
59,1*90 

566.9 
232.6 
295.8 

Rhode  Island 
South  Carolina 
South  Dakota 

836 

1,609 

582 

3,033 
11,139 

5,689 

1,516 
6,024 
3.244 

27.7 
198.7 
1*69.0 

920 
2,293 
2,097 

460 
1,184 
1,357 

2.7 

141.9 
120.0 

17,71*5 

15,710 

7,994 

9,21*9 
8,003 
4,726 

26.7 
308. 9 
1*56.7 

21,698 
29,142 
15.780 

11,225 

15,211 
9.327 

57.1 

649.5 

1.045.7 

Tennessee 

Texas 

Utah 

2,528 

5,"*73 

890 

9,779 
3,545 
3,683 

4,863 
1,644 
2,839 

361.3 
118.5 
115.0 

8,019 

12,103 

1,030 

1*,017 

6,469 

776 

113.1* 

369.1 

19.8 

31,1*1*6 

55,31*0 

9,251 

14,466 

29,533 

6,987 

392.7 
992.5 
148.8 

49,244 
70,988 
13.961* 

23,31*6 
37,646 
10,602 

867.4 

1,480.1 

283.6 

Vermont 
Virginia 
Washington 

1,01*0 
2,252 

1,801 

3,353 

11,309 

7,849 

1,861 
5,647 
4,269 

30.5 
191.3 
112.5 

540 
8,227 
2,993 

270 
4,025 
1,697 

102.1 
53.3 

6,755 
25,981 
12,915 

3,396 
12,530 

6,71*2 

56.1 
267.8 
114.3 

10,648 
1*5,517 
23,757 

5,527 
22,202 
12,708 

87.4 
561.2 
280.1 

West  Virginia 

Wisconsin 

Wyoming 

1,1*52 

3,519 

2i5 

7,1*95 

11,316 

709 

3,821 
6,615 

483 

44.5 

184.5 

I8.7 

5,135 

2,409 

998 

2,595 

1,001 

672 

59.2 

65.I 

30.5 

17,590 

31*,  644 

8,398 

8,770 
16,976 

5,541 

131*.  5 
149.8 

30,220 
48,369 
10,105 

15,186 
2^,592 

6,696 

238.2 

653.1 
199.0 

Hawaii 

District  of  Columbia 

Puerto  Rico 

923 
1,01*8 
3,117 

3,204 

13,156 

7,535 

1,579 
5,757 
3,689 

6.4 

1.2 

51.9 

542 

70 

2,251* 

265 

35 

1,044 

15.1 

.2 

10.6 

12,983 

i*,685 

12,870 

5,827 
2,339 
6,165 

31.3 

•  5 

45.8 

16,729 
17,911 
22,659 

7,671 

8,131 

10,898 

52.8 
1.9 

108.3 

TOTAL 

11*7,970 

603,1*53 

316,650 

11,076.3 

251,323 

130,282 

4,217.3 

1,344,489 

671,328 

14,512.9 

2,199,265 

1,118,260 

29,806.5 
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Trends  in  Traffic  Volumes, 


Vehicle  Types  and  Weights 


BY  THE  HIGHWAY  TRANSPORT  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


Reported  by 

THOMAS    B.    DIMMICK, 

Head,  Current  Data  Analysis  Unit 


Total  travel  on  all  rural  roads  in  1951 
broke  all  records,  exceeding  the  1950  pre- 
vious high  by  10  percent.  On  the  356,000 
miles  of  main  rural  roads  in  the  United 
States,  travel  in  1951  was  almost  190  billion 
vehicle-miles,  of  which  78  percent  was  by 
passenger  cars,  1  percent  by  busses,  and  21 
percent    by   freight-carrying   vehicles. 

Trucks  and  combinations  hauled  4  per- 
cent more  ton-mileage  of  freight  on  main 
rural  roads  in  1951  than  in  1950.  Single- 
unit  truck  travel  teas  2  percent  higher  than 
in  1950  while  that  of  combinations  increased 
about  1  percent.  The  average  carried  load 
for  all  trucks  and  combinations  in  1951  was 
less  than  1  percent  above  the  average  in 
1950. 

In  1951,  5  percent  of  all  trucks  and  com- 
binations exceeded  a  State  legal  weight 
limit,  and  14  percent  of  the  combinations 
were  illegally  overloaded  in  some  particular. 
In  comparison  with  1950,  the  percentage  of 
overweight  vehicles  for  1951  decreased  in 
all  regions  except  New  England  and  the 
West    North    Central    States. 


RURAL  MOTOR-VEHICLE  TRAVEL 
broke  all  previous  records  in  1951  for 
the  sixth  consecutive  year.  The  estimated 
1951  traffic  on  all  rural  roads  was  over  10 
percent  above  the  1950  total,  20  percent 
higher  than  in  1949,  almost  31  percent 
higher  than  in  1948,  slightly  more  than 
39  percent  higher  than  in  1947,  somewhat 
more  than  52  percent  higher  than  in  1946, 
and  almost  53  percent  higher  than  in  1941. 
Data  collected  from  January  through  Au- 
gust indicate  that  travel  on  all  rural  roads 
in  1952  will  continue  the  same  general 
trend  and  will  be  almost  7  percent  higher 
than  in  1951. 

The  variation  in  average  daily  travel  on 
rural  roads  by  months  in  the  three  main 
geographical    divisions '   and   in   the   United 
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1  The  States  comprising  each  census  region,  and  the 
regions  comprising  each  geographic  division,  are  in- 
dicated in  table  1. 


Figure  1.— Travel  on  all  rural  roads  in  1950,  1951,  and  in  the  first  10  months 

of  1952. 
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States  as  a  whole  is  illustrated  in  figure 
1  for  the  years  1950,  1951,  and  the  first  10 
months  of  1952.  Travel  in  each  month  of 
these  years  in  the  Eastern  and  Central 
regions  and  in  the  United  States  as  a  whole 
was  well  above  that  of  the  corresponding 
month  of  the  earlier  year.  The  Western 
region  showed  only  slight  gains  in  January 
and  March  of  1952  compared  to  the  amount 
of  travel  in  1951  but  a  fairly  steady  gain 
in  all   other  months. 

For  the  three  Eastern  regions,  the  chart 
indicates  a  somewhat  greater  increase  than 
that  shown  by  continuous  counts  at  fixed 
locations  because  of  the  upward  adjustments 
of  the  vehicle-mileage  following  recent  sur- 
veys and  analyses  by  Georgia  and  New 
York,  more  comprehensive  than  those  pre- 
viously made.  Similar  adjustments  in  other 
regions,  following  new  surveys  and  analyses, 
did  not  result  in  changes  of  appreciable 
significance. 

Approximately  the  same  rate  of  increase 
in  1952  over  1951  is  indicated  by  data  col- 
lected in  the  first  portion  of  the  later  year. 
The  partial  1952  information  indicated  in- 
creases of  6  percent  in  the  Central  States 
and  7  percent  in  the  Eastern  and  Western 


States.  The  largest  indicated  increase  over 
1951  in  any  census  region  was  10  percent 
in  the  East  South  Central;  the  smallest  in- 
crease was  5  percent  in  the  Middle  Atlantic 
region. 

Summer  travel  constituted  a  smaller  por- 
tion of  the  annual  travel  in  1951  than  in 
any  recent  year.  In  the  last  two  prewar 
years  (1940  and  1941),  the  average  daily 
traffic  in  July  and  August  was  23  percent 
above  the  average  traffic  for  the  year.  Not 
until  1949  did  the  summer  travel  reach  the 
prewar  ratio.  In  1950  the  average  daily 
summer  travel  was  over  24  percent  above 
the  annual  average  daily  amount,  but  this 
figure  slumped  to  22  percent  in  the  1951 
summer  season. 

Figure  2,  showing  travel  on  all  rural 
roads  by  12-month  periods  ending  each 
month  (moving  average)  and  as  a  per- 
centage of  traffic  in  the  calendar  year  1941, 
gives  an  accurate  picture  of  the  effect  of 
wartime  restrictions  on  prewar  travel  and 
the  steady  growth  of  traffic  that  has  oc- 
curred since  the  end  of  hostilities.  The  in- 
crease in  traffic  from  the  end  of  1946  to  the 
present  has  averaged  almost  9  percent, 
compounded  annually.     From  these  data  it 


is  apparent  that  the  general  pattern  of 
traffic  growth  is  being  maintained  with  no 
evidence  of  its  leveling  off. 

The  lower  portion  of  figure  2,  showing  the 
relation  of  travel  by  12-month  periods  in 
each  of  the  main  geographical  regions  of 
the  United  States  to  that  in  the  calendar 
year  1941,  shows  clearly  how  much  travel 
was  shifted  westward  during  the  war.  The 
spread  between  the  curves  for  the  three 
regions  remained  constant  during  1947  and 
1948,  was  reduced  slightly  during  1949  and 
1950,  and  was  greatly  reduced  in  1951  and 
the  portion  of  1952  shown. 

Basis  of  Estimates 

During  certain  prewar  years,  generally 
1936  or  1937,  nearly  every  State  conducted 
a  comprehensive  survey  of  traffic  in  which 
all  vehicles  counted  were  classified  by  type. 
At  the  same  time  a  large  number  of  trucks 
and  truck  combinations  were  stopped  and 
weighed  and  information  recorded  concern- 
ing their  weight,  dimensions,  and  other  im- 
portant features. 

While  the  large  number  of  automatic 
recorders   operated   on   the   rural    roads   of 
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each  State  give  a  good  indication  of  the 
trend  of  total  traffic  on  these  highways, 
they  provide  no  indication  of  the  classifica- 
tion of  vehicles  by  type,  weight,  or  other 
characteristics.  In  order  to  determine  the 
trends  in  such  factors,  brief  check  surveys 
were  made  in  the  summer  of  1942  at  cer- 
tain typical  stations  in  most  States.  From 
strictly  comparable  information  gathered  in 
the  two  surveys,  trends  were  calculated 
which  were  used  to  determine  the  changes 
in  traffic  and  vehicle  characteristics  that 
had  taken  place  since  the  comprehensive 
survey  was  made.  Since  1942,  check  sur- 
veys have  been  made  annually.  Most  States 
have  participated  in  these  each  year  and  all 
have  participated  at  some  time.2  Such  sur- 
veys were  conducted  in  45  States  in  1951, 
although  two  States,  Virginia  and  Wash- 
ington, were  unable  to  analyze  their  data 
in  time  to  be  included  in  this  report. 

Classification  counts  made  in  numerous 
States,  in  addition  to  those  made  at  weight 
stations,  added  valuable  information  con- 
cerning vehicle-type  proportions.  Greatly 
expanded  loadometer  surveys  made  through- 
out the  year  in  a  few  States  have  furnished 
more  reliable  data  concerning  vehicle  types 
and  weights  than  can  be  obtained  from 
trend  data  alone.  Starting  in  the  summer 
of  1950,  a  number  of  weight  stations  were 
selected  in  26  States  from  which  data  con- 
cerning weights  and  characteristics  of  truck 
traffic  were  to  be  used  in  studying  loads 
and  their  relation  to  pavement  damage. 
These  stations  generally  are  operated  16 
or  24  hours  a  day  and  at  least  one  day 
each  season.  The  new  data  derived  from 
these  more  extensive  operations  give  more 
information  concerning  traffic  characteris- 
tics in  various  hours  of  the  day  and  seasons 
of  the  year  than  has  been  available  at  any 
time  since  the  time  of  the  initial  surveys. 
All  of  these  data  wherever  available  have 
been  used  in  the  estimates. 

1951  Summer  Loadometer  Survey 

The  stations  used  in  the  check  surveys 
were  selected  initially  to  give  a  representa- 
tive cross  section  of  traffic  on  main  rural 
roads.  They  were  operated  for  one  or  more 
8-hour  periods  on  a  weekday,  generally  from 
either  6  a.m.  to  2  p.m.  or  from  2  p.m.  to 
10  p.m.  All  traffic  passing  through  the 
stations  during  the  period  was  counted  and 
classified  into  the  following  categories: 
local  passenger  cars;  foreign  (out-of-State) 
passenger  cars;  panel  and  pick-up  trucks; 
other  two-axle,  four-tire  trucks;  two-axle, 
six-tire  trucks;  three-axle  trucks;  truck- 
tractor  and  semitrailer  combinations;  truck 
and  trailer  combination  or  truck-tractor 
semitrailer  and  trailer  combinations;  and 
busses.    The  combination-type  vehicles  were 


2  See  Traffic  trends  on  rural  roads,  by  T.  B.  Dim- 
mick,  Public  Roads,  vol.  26,  No.  11,  Dec.  1951;  vol. 
26,  No.  5,  Dec.  1950  ;  vol.  25,  No.  12,  Feb.  1950  ;  vol. 
25,  No.  7,  Mar.  1949;  vol.  25,  No.  3,  Mar.  1948;  vol. 
24,  No.  10,  Oct.-Nov.-Dec.  1946 ;  and  Amount  and 
characteristics  of  trucking  on  rural  roads,  by  J.  T. 
Lynch  and  T.  B.  Dimmick,  Public  Roads,  vol.  23, 
No.  9,  July-Aug.-Sept.   1943. 


further  subdivided  according  to  number  of 
axles  of  each.3 

3  In  this  article,  the  term  "truck"  is  used  to  indi- 
cate a  single-unit  vehicle  ;  "truck  combination"  to  in- 
dicate truck-tractor  semitrailer  (with  or  without  full 
trailer)  and  truck  with  full  trailer;  and  "truck  and 
truck  combinations"  or  "trucks  and  combinations" 
to   indicate  all  of  these   vehicles  together. 


Most  of  the  weight  stations  were  operated 
during  July,  August,  and  September.  The 
survey  period,  number  of  stations  operated, 
number  of  vehicles  counted,  and  the  number 
weighed  are  shown  for  each  State  in  table 
1.      More    than    1.7    million    vehicles    were 


Table   1. — Survey  period,  number  of  stations  operated,  number  of  vehicles  counted,  and 
number  weighed  in  each  State  in  the  special  weight  surveys,  summer  of  1951 


Region  and  State 

Survey  period 

Number 
of  stations 

Total 
vehicles 
counted 

Trucks  and  truck 
combinations 

Counted 

Weighed 

New  England: 

July  5-Aug.  3 

10 
9 
10 

36  .695 
46  ,899 
116,163 

6,820 

8,132 

14,817 

1,665 
3,334 
4,380 

July  23-Aug.  13 

July  16-Aug.  9 

5 
5 

37  ,703 
22  ,890 

4,921 
1,834 

2.145 
1.698 

July  23-Aug.  9 

39 

260  ,350 

36  ,524 

13  ,222 

July  30-Aug.  8 

Middle  Atlantic: 

New  Jersey 

10 
20 
13 

96  ,500 
34  ,425 
70  ,602 

15  ,205 

8,072 

15  ,425 

2,069 
1,522 
3,133 

New  York 

July  18-July  30 .  . 

July  16-Aug.  31... 

43 

201  527 

38  ,702 

6,724 

Aug.  9- Aug.  27 

South  Atlantic: 

8 

28 ,921 

6,033 

1,106 

Florida.  .             

Aug.  20-Sept.  25 

June  18-July  17 

15 
10 
12 
10 

37.116 
99  ,676 
31  ,975 
19  ,783 

9  ,663 

20  ,042 

6,946 

5,276 

4.489 
3  ,588 
4,153 
2,095 

Aug.  2-Aug.  28.  .  . 

Sept.  17-Sept.  28 

Aug.  14-Aug.  30 

9 

14  ,494 

3,583 

1,513 

64 

231  ,965 

61  .543 

16  ,944 

146 

693  ,842 

126  ,769 

36  .Will 

East  North  Central: 

Aug.  8-Sept.  6 

June  12-July  18 

20 

9 

10 

19 

55  ,770 
29  .823 
29  .570 
90  ,241 

13  .171 
6,202 
5,694 

13  .410 

4.724 
2,208 
1  ,514 
3,181 

July  10-July  26 

Julv  2-Sept.  25 

58 

205  ,404 

38 ,477 

11  ,627 

East  South  Central: 

July  17-Aug.  21.... v 

July  11-Aug.  17 

July  11-July  6 

10 
10 
15 
10 

32  .599 
39  ,679 
27  ,469 
15  ,076 

8,121 
9  ,287 
6,757 
4,203 

6,182 
3,470 
3,734 
1,756 

Aug.  21-Sept.  6 

45 

114  ,823 

28  .368 

15,142 

West  North  Central: 

July  1-Aug.  31 

10 
10 
14 
21 
20 
14 
15 

33  ,348 
10  ,484 
59,110 
176  ,641 
27,015 
24  ,179 
24,174 

5,932 
2,260 
10  .677 
32  .948 
5,604 
5,036 
3,899 

5.220 
571 
3,671 
1 1  .973 
5,373 
1  ,811 
3,601 

Aug.  10-Sept.  13 

June4-0ct.  18 

July  30-Aug.  28 

July  19-Aug.  22 

July  10-Aug.  31 

July  30-Sept.  17 

104 

354  ,951 

66  ,356 

32  ,220 

West  South  Central: 

July  23-Aug.  3 

10 
10 
10 
20 

17  ,381 

13  ,089 

28  ,995 

108,115 

5,802 

3,620 

6  526 

23  ,583 

1,371 
1,138 
5,983 
5,535 

July  30-Aug.  13 

July  11-Aug.  10 

June  1-Aug.  31 

50 

167  ,580 

39  ,531 

14  .027 

257 

842  ,758 

172  .732 

73  ,016 

July  16- July  27 

Mountain: 

10 
13 

10 

11 

10 
10 
10 
10 

10  ,291 

26  ,226 
15.441 

27  ,498 
8,924 

15,194 
19  ,879 
12,610 

2,245 
3,664 
3,003 
5,121 
1,560 
3  ,372 
3  .672 
2  ,255 

590 

846 
1  .484 
2,118 

708 
1  ,516 
1  .092 

767 

July  2-Sept.  4 

Aug.  7-Sept.  6 

T\l      +  ' ' 

July  30-Aug.  31 

July  31-Aug.  17 

Aug.  6-Aug.  20 

July  16-Aug.  3 

July  31-Aug.  20 

84 

136  ,063 

24  ,892 

9.121 

Pacific: 

June7-July  18 

17 
8 

'72.180 
19  ,852 

13  ,902 
3,965 

4.226 
2,187 

Aug.  8-Aug.  2:; 

25 

92  ,032 

17  ,867 

6,413 

109 

228  ,095 

42  ,759 

15  ,534 

512 

i  ,76 ; 

342  ,260 

125  . 1 

i  Passenger  cars  not  counted;  figure  given  is  an  estimate  based  on  data  from  other  repot ts. 
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counted  at  all  stations  during  the  period 
of  the  survey.  Almost  one-fifth  of  these 
were  freight-carrying  vehicles,  of  which 
almost  37  percent  were  weighed. 

Wherever  traffic  volume  permitted,  each 
truck  and  truck  combination  was  stopped 
and  weighed.  Where  this  procedure  was 
impracticable,  all  of  the  less  common  types 
were  weighed  and  the  common  vehicle  types 
were  weighed  in  sufficient  numbers  to  es- 
tablish their  characteristics  from  the 
sample.  The  type  of  vehicle,  whether  loaded 
or  empty,  the  number  of  axles,  and  the 
weight  of  each  axle  were  recorded.  The 
axle-spacing  and  the  total  wheelbase  length 
of  the  heavier  vehicles'  were  measured. 
Passenger  cars  and  busses  were  counted 
but  not  stopped  for  weighing. 

Prewar  Traffic  Trend  Increased 

Figure  3  shows  in  chart  form  the  vehicle- 
mileage  of  travel  on  all  rural  roads,  by 
vehicle  types,  for  each  year  from  1936  to 
1951,  inclusive.  It  is  apparent  that  the 
effect  of  the  drastic  restrictions  on  travel 
during  the  war  period,  1942-45,  caused  but 
a  temporary  dip  in  traffic  growth  and  that 
the  1951  vehicle-mileage  was  as  high  as 
would  have  been  estimated  by  any  rational 
projection  of  the  prewar  trend.  A  straight 
line  from  the  top  of  the  bar  for  1936  to  the 
top  of  the  bar  for  1951  passes  through  the 
top  of  the  bar  for  1937  and  for  1941  and 
falls  well  above  the  tops  of  the  bars  for  all 
other  years.  This  line  indicates  an  average 
(simple)  increase  over  the  15  years  of  al- 
most 7.4  percent  a  year.  This  is  equivalent 
to  a  rate  of  5.1  percent  compounded  an- 
nually. The  period  1936  to  1941  has  much 
in  common  with  the  period  1946  to  1951, 
inclusive.  During  both  periods  the  trend 
was  quite  uniform  for  the  first  4  years  but 
there  was  an  upsurge  of  traffic  in  the  fifth 
year.  Traffic  levels  were  considerably 
higher  in  the  1946  to  1951  period  than  in 
the  earlier  one,  and  the  rate  of  increase 
was  greater.  During  the  earlier  5-year 
period  the  total  increase  was  38  percent, 
while  during  the  later  5-year  period  it  was 


Figure  3. — Travel  on  all  rural  roads,  1936-51,  by  classes  of  vehicles. 


*  Trucks  and  truck  combinations  weighing  13  tons 
or  more,  or  having  an  axle  weighing  18,000  pounds 
or  more. 


52  percent,  or  an  average  of  8.7  percent  a 
year,  compounded  annually. 

Travel  by  trucks  and  truck  combinations 
increased  in  a  manner  very  similar  to  that 
observed  for  all  vehicles.  For  truck  com- 
binations alone,  the  1936-51  line  lies  above 
the  tops  of  all  bars  from  1937  to  1949,  in- 
clusive, thus   showing  an   accelerating   up- 


ward trend  in  the  travel  by  these  heavier 
vehicles.  This  trend  is  emphasized  by  other 
data  given  in  other  portions  of  this  report. 
As  previously  stated,  the  traffic  data  col- 
lected at  automatic  traffic-recorder  stations 
in  the  first  half  of  1952  indicate  that  travel 
by  all  types  of  vehicles  has  continued  to 
increase  over  that  in   the  same  months   of 


Table  2. — Ratio  of   1951   traffic  on  main  rural  roads  to  corresponding  traffic  in   1950 1 


Vehicle  type 


Eastern  regions 


Passenger  care: 

Local 

Foreign 

All  passenger  car.- 

Trucks  and  combinations: 
Single-unit  trucks.  ... 
Truck  combinations. ... 

All  trucks  and  combinations 

Busses 

All  vehicles 


New 
England 


1.19 

.98 

1.13 


.83 
.92 
.85 

1.09 

1  07 


Middle 
Atlantic 


1.08 

.92 

1.04 


1.01 
1.00 
1.01 

1.22 

1.04 


South 
Atlantic 


1 .  22 
1.18 
1.21 


1  04 

.94 

1.01 

1.00 

1.16 


Average 


1.15 
1.05 
1.13 


1.00 
96 
.99 

1.08 

1.10 


Central  regions 


East 
North 
Central 


1.07 
1.05 
1.06 


1.00 
1.00 
1.00 


1.05 


East 
South 
Central 


1.17 
1.17 

1.17 


.98 
1.05 
1.00 

.95 

1.11 


West 
North 
Central 


1.16 
1.07 
1.14 


.97 

1.04 

.99 

.95 

1.10 


West 
South 
Central 


1.15 
1.07 
1.13 


1.08 
1.10 
1.09 

1.00 

1    12 


Aver- 
age 


1.12 
1.08 
1.11 


1.01 
1.03 
1.02 

.97 

1.09 


Western  regions 


Moun- 
tain 


1.15 

.94 

1  06 


.99 
.92 
.97 

.87 

1  04 


Pacific 


1.06 
1.19 
1.07 


1.21 
1.10 
1.17 

1.00 

1.09 


Aver- 
age 


1.08 
1.03 
1.07 


1.10 
1.04 
1.08 

.95 

1.07 


United 
States 
average 


1.13 
1.06 
1.11 


1  02 
1.01 
1  02 

1.00 

1.09 


1  The  ratios  for  "all  vehicles"  are  based  on  year-around  automatic  recorder  data,  while  those  for  the  individual  vehicle  types  are  based  principally  on  summer  counts. 
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Table  3.— Percentage  distribution  of  travel,  by  vehicle  type,  on  main  rural  roads  in  the  summer  of  1951 


Vehicle  type 


Passenger  cars: 

Local 

Foreign 

All  passenger  cars 


Single-unit  trucks: 
Panel  and  pick-up.  .  . 
Other  2-axle,  4-tire 
Other  2  axle,  6-tire  .... 

3-axle 

All  sinsrle-unit  trucks. 


Truck-tractor  and  semitrailer  combinations: 

3-axle 

4-axle. 

5-axle  or  more. 

All  truck-tractor  and  semitrailer  combinations. 

Truck  and  trailer  combinations: 

4-axle  or  less 

5-axle 

6-axle  or  more 

All  truck  and  trailer  combinations 


All  combinations 

All  trucks  and  truck  combinations. 

Busses 

All  vehicles 


Eastern  regions 


New 
England 


61   47 
22.31 

83  Ts 


4.12 

so 

5.83 

32 

11.07 


3.51 
0.39 

(') 
3  90 


01 


01 
3  91 

14.98 

1.24 

100.00 


Middle 
Atlantic 


64  32 
14.31 

78  63 


4.81 

1,06 

7   21 

.50 

13  58 


5.11 

1  70 

.02 

6.83 


05 

6.88 

20.46 

91 

100  00 


South 
Atlantic 


59  57 
19   17 

78.74 


6  83 

52 

6  42 

.41 

14.18 


3  56 

2  43 

.01 

6  00 


01 

t 

01 
6  01 

20    19 

1    07 

100  00 


Aver- 
age 


61   66 
17.72 

79.38 


5.68 

77 

6.65 

.43 

13.53 


4.15 

1.87 

01 

6.03 


.02 
.01 


.03 

6  06 

19  59 

1   03 

100  00 


East 
North 
Central 


55.71 
22.77 
78.48 


5.30 
.29 

6  06 

.32 

11.97 


4.38 

3.56 

.21 

8.15 


.15 
.43 
09 
.67 

8.82 

20  79 

.73 

100  00 


Central  regions 


East 
South 
Central 


46  27 

23  94 
70  21 


10.70 
.41 

10.64 
.35 

22.10 


5.01 

1.22 

02 

6  25 


.01 


01 

6.26 

28  36 

1.43 

100  00 


West 
Noith 
Central 


62.19 

15.14 
77.33 


7.21 

61 

8.07 

.32 

16.21 


2.45 

2.58 

.43 

5.46 


.27 
.01 
.01 
.29 

5  75 

21.96 

.71 

100  00 


West 
South 
Central 


60  29 
11  30 

74.59 


11.10 

.43 

5.92 

.16 

17.61 


3.76 

2.86 

.06 

6.68 


.25 

('I 


.25 

6.93 

24.54 

.87 

100.00 


Aver- 


57.01 
10  03 
76.04 


.42 

7.15 

.28 

15.83 


3.87 

_,  s._, 

.20 
6  89 


.18 
.16 
.04 
.38 

7.27 

23  .  10 

.S6 

100  00 


Western  regions 


Moun- 
tain 


is  in 
29  78 
77  88 


o  57 

63 

5.67 

.42 

10    jo 


l   58 

1  IS 
1  .  33 
4   09 


14 

46 
19 

79 

4   ss 

21    17 

.95 

100.00 


Pacific 


68.80 
11    30 

so   10 


5.04 
1.10 
4 .  56 
1. 10 

11.80 


1  .09 
1.06 
2.99 

5   14 


:  3 

.88 

.84 

2  05 

7.19 

18  99 
.91 

loo  oo 


Aver- 
age 


61    24 

is  05 

70    20 


93 

4   07 

8fl 

13    14 


1  .27 

1  10 

2  39 
4   76 


26 
.73 

00 

l  .v.. 

6.35 

19.79 

.9V 

100  00 


United 

.States 
average 


59.26 
is  43 

77  on 


7.00 
.62 

6.62 

.43 

14.67 


3.52 

2.22 

.50 

6.24 


.14 
.21 

.12 
.47 

6.71 

21.38 

.93 

100.00 


1  Less  than  0  005  percent. 


1951.  Available  information  indicates  that 
travel  on  rural  roads  in  1952  will  exceed 
the  1951  total  by  about  7  percent. 

Travel  Increases 

The  State  system  of  highways  in  most 
States  is  composed  of  the  main  rural  roads, 
or  those  on  a  connected  system  carrying 
the  heaviest  traffic.  In  such  States  as  North 
Carolina,  Pennsylvania,  and  Virginia,  where 
all  or  a  large  part  of  the  rural  mileage 
is  under  State  control,  only  the  primary 
roads  are  included  in  this  report  as  a  part 
of  the  "main"  system  of  highways  of  the 
country.      These    main    roads,    comprising 


about  356,000  miles,  include  less  than  12 
percent  of  the  total  rural  mileage  but 
carry  over  73  percent  of  the  total  rural 
traffic.  Because  of  the  greater  importance 
of  these  highways,  from  a  traffic  stand- 
point, most  of  the  current  traffic  data  were 
collected  at  points  on  them,  and  the  re- 
mainder of  this  report  will  be  concerned 
only  with  information  concerning  this  por- 
tion of  the  road  mileage. 

The  ratio  of  traffic,  volumes  on  main  rural 
roads  in  1951  to  corresponding  volumes  in 
the  previous  year  is  shown  in  table  2.  Al- 
though travel  in  1951  on  the  main  highways 
was  higher  in  every  region  than  in  1950, 
and   the   general    increase   for   the    United 


States  as  a  whole  was  the  same  as  in  the 
previous  year,  the  increase  in  travel  of 
single-unit  trucks,  truck  combinations,  and 
foreign  (out-of- State)  passenger  cars  was 
considerably  less  than  in  the  previous  year 
and  travel  in  these  categories  decreased  in 
several  regions.  For  instance,  the  table  in- 
dicates that  in  1951  travel  by  trucks  was 
les^s  in  New  England,  East  South  Central, 
West  North  Central,  and  Mountain  regions 
than  in  1950  while  truck  combination  traf- 
fic was  less  in  New  England,  South  Atlantic, 
and  Mountain  regions  than  in  1950.  Like- 
wise, travel  by  foreign  passenger  cars  was 
less  in  the  New  England,  Middle  Atlantic, 
and  Mountain   regions  while  bus  traffic  in- 
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Figure  4.— Average  weights  of  loaded  and  empty  trucks  and  truck  combinations  in   the  summers  of  1942-51   and  a  prewar 
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Table  4. Average  weight    (in  pounds)   of  loaded  and  empty  trucks    and   truck   combinations,  by  vehicle  types,  in 

the  summer  of   1951 

Vehicli 

Eastern  regions 

Central  regions 

Western  regions 

United 

States 
average 

New 
England 

Middle 
Atlantic 

South 
Atlantic 

Aver- 
age 

East 
North 
•:  entral 

East 
South 
Central 

West 
North 
Central 

West 
South 
Central 

Aver- 
age 

Moun- 
tain 

Pacific 

Aver- 
age 

Average  Weights  of  Loaded  Vehicles 

Single-unit  trucks: 

5,072 

(i  ,522 
14  ,776 
31  ,746 
1 1  ,873 

40,212 

(>> 
40,199 

21,014 

5,312 

6,719 

15  ,813 

37  ,544 

13  ,048 

42  ,705 
42  .810 
24  ,572 

4,876 

6  .78.3 
13  ,007 
27  ,268 
10  ,796 

39.128 

(') 
39  ,005 

22  ,060 

5,081 

6,717 

14,411 

32  ,397 

11  ,892 

40,771 
53  ,856 
40  .814 

23  .062 

5,239 

6,623 

13  ,572 

27  ,449 

10  ,754 

39  ,730 
66  ,785 
41,315 

25  ,821 

5  ,336 

6,734 

14,163 

26  ,764 

1 1  ,089 

35  ,052 

(') 
35  ,061 

18,190 

5,159 

7  .233 

14  ,755 

28  ,378 

11  ,123 

41  ,548 
32  ,343 
41,115 

20  ,469 

7,162 

6,746 

13  ,693 

28,217 

9,897 

39,135 
59  ,364 
39,912 

20  ,955 

5,898 

6,898 

14  ,031 

27  ,700 

10  ,691 

39  ,399 
58,778 
40,143 

22  ,254 

5,154 

6,877 
14  ,378 
32  .186 
10,078 

46,153 
65  .143 
48  ,785 

22,151 

4,432 

5,674 

12  ,899 

29  ,302 

10  .890 

50  ,656 
57  ,397 
52  ,297 

29.213 

4,750 

5  ,910 

13  ,430 

29,717 
10,598 

49  ,445 
58  ,601 
51  ,439 

26  ,992 

5,498 

6,522 

14  ,069 

29  ,924 

11  ,024 

41  ,373 
58  ,599 

42  ,501 

23  .376 

Truck  combinations: 

Average  Weights  of  Empty  Vehicles 

Single-unit  trucks: 

4,082 
4,997 
8,858 
14  ,707 
6,599 

21  ,838 
(') 

4,109 
4,652 
8,865 
17,174 
6,738 

21  ,033 
21  .037 
10  ,607 

3,822 
5  ,309 
7  ,359 
13  ,705 
5,276 

19  ,423 
19,417 
8,069 

3,927 
4  ,894 
8,160 
15,297 
5,930 

20  ,360 

19  ,763 

20  ,357 

9,167 

4,065 
4,907 
8,131 
12  ,896 
5,990 

19,719 
26  ,442 
20  ,529 

10,555 

4,120 
4,629 
7,926 
15,169 
5,806 

18,991 
18,992 
7  ,933 

4,119 
5,162 
8,275 
12,819 
6,081 

21  ,256 
18,778 
21,114 

9,024 

5,010 
5,232 
8,151 
18,959 
6,063 

19,343 
52  ,760 
20  ,402 

8.944 

4,425 
5  ,032 
8.120 
14  ,257 
5,622 

19,770 

28  ,648 
20  ,360 

8,910 

4,026 
5,223 
8,031 
16  ,698 
5,442 

24  ,742 
30  .734 
26  ,033 

8,407 

3,861 
4,523 
8,292 
16,231 
6,080 

23  ,509 
27  ,668 
25  .605 

10  ,252 

3  ,959 
4,770 
8,153 
16  .356 
5,730 

24  ,179 
28  ,414 

25  ,789 

9,280 

4,210 
4,924 
8,137 
15,187 
5  .937 

20 ,282 
28  ,325 
20.911 

9,197 

Other  2-axle,  6-tire 

Truck  combinations: 

Average 

Average,  all  trucks  and  combinations 

21  ,777 
9,559 

1  Data  omitted  because  of  insufficient  sample. 


creased  in  New  England  and  Middle  At- 
lantic, decreased  in  East  North  Central, 
East  South  Central,  West  North  Central, 
and  Mountain  regions  and  remained  about 
the  same  in  other  regions. 

The  increase  in  travel  by  all  types  of 
passenger  vehicles  amounted  to  11  percent 
compared  to  only  .2  percent  for  freight- 
carrying  vehicles.  This  small  increase  in 
truck  and  truck  combination  traffic  is  par- 
ticularly noteworthy  when  it  is  noted  that 


there  was  an  extremely  large  increase  in 
that  traffic  in  1950  compared  to  the  previous 
year.  The  increase  in  travel  by  passenger 
car-s  was  7  percent  while  the  increase  in 
travel  by  all  types  of  freight-carrying 
vehicles  amounted  to  18  percent,  the  increase 
being  12  percent  for  single-unit  trucks  and 
33  percent  for  truck  combinations.  Thus 
the  1951  figures  show  that  the  extremely 
rapid  rate  of  increase  in  truck  traffic  which 
occurred  from   1949  to   1950  was  not  con- 


tinued into  1951.  However,  such  data  as  are 
available  for  1952  indicate  that  this  level- 
ing off  may  have  been  temporary,  and  that 
truck  traffic  may  again  be  increasing  faster 
than  passenger  car  traffic."' 

The  percentage  of  travel  by  vehicle  types 
on  main  rural  roads  in  1951  is  given  in  table 


5  Preliminary  data  from  Alabama,  Connecticut, 
Delaware,  Maine,  Missouri,  Nevada,  North  Carolina, 
Oregon,  and  Vermont  show  a  13  percent  increase  in 
travel  by  trucks  and  combinations  in  1952  compared 
to   1951. 
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SINGLE-UNIT    TRUCKS  TRUCK   COMBINATIONS  TRUCKS   AND   TRUCK  COMBINATIONS 

Figure  .1.— Travel  on   main  rural  roads,  1936-51,  by  loaded  and  by  empty  trucks  and  truck  combinations. 

February  1953  •  PUBLIC  ROADS 


Table   5. — Comparison   of  estimated   vehicle- 


Year 


All 
vehicles, 
vehicle- 
miles 


1936 

1941 

1941:1936  ratio. 

1946 

1946:1941  ratio. 
1946:1936  ratio. 

1950 

"  1951 

1951:1950  ratio. 
1951:1941  ratio. 
1951:1936  ratio. 


Millions 

88,412 

122  ,505 

1 .39 
124,149 

1.01 

1 .40 
174  ,349 
189,651 

1 .09 
1 .55 
2.15 


Passenger  cars  and 


Percent- 
age of  all 
vehicles 


82.6 
80.3 

.97 
80.4 
1.00 
.97 
77.2 
78.6 
1.02 
.98 
.95 


Vehicle- 
miles 


Millions 
73  ,005 
98 ,320 

1  .35 

99  ,803 

1 .02 

1  .37 

134  ,528 

149,110 

1.11 

1.52 

2.04 


All  trucks  and  truck 
combinations 


Single-unit  trucks 


Percent- 
age of  all 
vehicles 


17.4 
19.7 

1  .IS 
19.6 
.99 

1 .13 
22.8 
21.4 
.94 

1 .09 

1  .23 


Vehicle- 
miles 


Millions 
15  ,407 
24,185 

1.57 

24  ,346 

1 .01 

1 .58 

39  ,821 

40,541 

1.02 

1 .68 

2.63 


Percent- 
age of  all 
trucks 
and 

truck 
combina- 
tions 


82.1 
78.8 

.96 
73.3 
.93 
.89 
68.4 
68.6 
1 .00 
.87 
■  84 


Vehicle- 
miles 


Truck  combinations 


Millions 
12  ,650 
19  .057 

; .  ;t 

17  ,838 

.94 

1.41 

27  ,256 

27,810 

1 .02 

1 .46 


Percent- 
age  of  all 
trucks 
and 
truck 
combina- 
tions 


Vehicle- 
miles 


17.9 
21.2 

1.18 
26.7 
1 .26 
1 .49 
31.6 
31.4 
.99 
1.48 
1.75 


Millions 
2.757 
5,128 
1  .86 
6,508 
1 .27 
2.36 
12  ,565 
12,731 
1.01 
2.48 
4-62 


>  Percentages  of  total  1951  travel  by  passenger  cars  and  by  busses  are  reported  separately  in  table 
12 


Figure  6. — Average  load  carried  by  trucks 
and  truck  combinations  on  main  rural 
roads,  1936-51. 


3.  In  this  table  all  single-unit  trucks  are 
divided  into  classification  types  based  on 
the  axle  and  tire  arrangements,  while  the 
truck  combinations  are  classified  according 
to  the  total  number  of  axles  of  the  com- 
bination. The  classification  of  vehicles  into 
these  types  has  been  used  in  the  last  five 
innual  surveys.  It  has  several  advantages 
)ver  the  original  "light,  medium,  and  heavy" 
grouping,  particularly  in  that  it  provides 
nore  homogeneous  groupings  and  more  posi- 
;ive  identification  of  the  types.  It  is  re- 
grettable that  no  direct  comparison   can  be 


,   195oTa£d  T9511  °"  ""**  rUral  r°ads  m   1936'   made  b>'  vehicle  &?**  between  the  old  and 

the  new  classifications,  or  between  data  col- 
lected in  1946  and  earlier  years  with  such 
data  collected  in  1947  and  thereafter,  but 
the  convenience  and  advantages  of  the  new 
system  outweigh  the  disadvantages  caused 
by  the  change. 

The  data  in  table  3  indicate  that  truck 
and  truck  combination  travel  in  1951  was 
more  than  20  percent  of  the  total  travel  in 
all  but  the  New  England  and  Pacific  re- 
gions. It  was  between  20  and  25  percent 
in  all  remaining  regions  except  the  East 
South  Central  region  where  it  was  over 
28  percent. 

A  comparison  with  the  same  table  in  the 
1950  report  shows  that  the  proportion  of 
trucks  was  lower  in  1951  than  in  1950  in 
every  region  except  the  Pacific  region  where 
the  proportion  of  freight-carrying  vehicles 
increased  slightly. 

Table  3  indicates  also  that  the  usage  of 
certain  types  of  freight-carrying  vehicles 
varies  in  different  sections.  For  instance, 
the  truck  and  trailer  combinations  with  six 
or  more  axles  and  the  truck-tractor  and 
semitrailer  with  five  or  more  axles  are  used 
far  more  frequently  in  the  Pacific  region 
than  in  any  other  area.  Truck  and  trailer 
combinations  are  used  much  less  in  the 
East  South  Central  region  and  in  the  three 
eastern  regions  than  in  other  sections.  The 
percentage  of  combination-type  vehicles, 
nation-wide,  was  6.71  percent,  a  slight  de- 
crease from  the  1950  figure  of  7.21  percent 
but  exceeding  the  percentage  figures  of 
5.95  in  1949,  5.84  in  1948,  5.73  in  1947,  and 
5.26  in  1946. 

The  average  weights  of  loaded  and  empty 
trucks  and  truck  combinations,  separately 
and  combined,  are  shown  graphically  in 
figure  4  for  each  year  from  1942  to  1951, 
inclusive,  and  for  a  prewar  year,  generally 
1936  or  1937.  The  weights  of  single-unit 
trucks,  both  loaded  and  empty,  increased 
each  year  from  the  1936-37  period  through 
1945,  then  decreased  slightly  and  leveled 
off  around  11,000  pounds  for  loaded  vehicles 
and  slightly  less  than  6,000  pounds  for 
empty  vehicles.  At  the  same  time  weights 
of  truck  combinations,  both  loaded  and 
empty,  have  increased  each  year  during  the 


Table  6. — Comparison  of  estimated  percentage  of  trucks  and  truck  combinations  loaded, 
average  carried  load,  and  ton-miles  carried  on  main  rural  roads  in  1936,  1941,  1946, 
1950,    and    1951 


Year 


1936 

1941 

1941:1936  ratio 

1946 

1946:1941  ratio 
1946:1936  ratio 

1950 

1951 

1951  1950  ratio 
1951:1941  ratio 
1951:1936  ratio 


All  trucks  and  truck 

Single-unit  trucks 

Truck  combin 

ations 

combinations 

Average 

Average 

Average 

Per- 

weight' 

Ton- 

Per- 

weight 

Ton- 

Per- 

weight 

Ton- 

centage 

of 

miles 

centage 

of 

miles 

centage 

of 

miles 

loaded 

carried 
load 

carried 

loaded 

carried 
load 

carried 

loaded 

carried 
load 

carried 

Tons 

Millions 

Tons 

Millions 

Tons 

Millions 

62  8 

2  90 

28  ,005 

60.7 

1.86 

14,258 

72  2 

6.90 

13  ,747 

66.7 

3.64 

58,737 

65.4 

2.29 

28  ,487 

71.6 

8.23 

30  ,250 

1.06 

1.26 

2.10 

1.08 

1.23 

2.00 

.99 

/  .19 

51.7 

4.84 

60  ,892 

46.4 

2.31 

19,101 

66.2 

9.70 

11  ,791 

.78 

1.33 

1 .1)', 

.71 

I  .01 

.67 

.92 

1.18 

1 .38 

.82 

1 .67 

3.17 

.76 

1  .24 

1.34 

.92 

t  .41 

S.04 

53  9 

5  .  64 

121  ,091 

47.2 

2.31 

29  ,645 

68  5 

10  62 

91  .446 

55.1 

5.66 

126  ,402 

48.8 

_'  31 

31  .396 

68.9 

10.83 

95  .006 

/  .02 

1 .00 

1  .04 

1 .03 

1  .00 

/  .<•■; 

1.01 

1  .02 

1 .04 

.83 

1 .55 

2.15 

.75 

1 .01 

1.10 

.96 

1.32 

3.14 

.88 

1.95 

4.51 

.80 

1 .24 

2.20 

.95 

1  .57 

6.91 
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Figure  7.- 


-Ton-miles  carried  by  trucks  and  truck  combinations  on   main 
rural   roads,   1936-51. 


period  shown.  The  increase  in  average 
weight  of  loaded  combinations  from  the 
1936-37  period  to  1951  was  over  58  percent, 
compared  to  12  percent  for  single-unit 
trucks. 

The  increase  for  all  loaded  trucks  and 
truck  combinations  combined  was  slightly- 
more  than  80  percent.  It  will  be  noted  that 
the  average  weight  of  the  loaded  single- 
unit  trucks  was  somewhat  less  than  twice 
the  average  weight  of  the  empty  vehicles 
of  this  type,  while  the  average  weight  of 
the  loaded  combinations  was  just  about 
twice  the  average  weight  of  the  empty  com- 
binations. In  the  case  of  the  vehicles  of 
both  types  combined,  the  loaded  vehicles 
included  a  higher  proportion  of  combina- 
tions than  the  empty  vehicles,  since  com- 
binations are  more  often  loaded  and  the 
average  weight  of  the  loaded  trucks  and 
combinations  was  therefore  considerably 
more  than  twice  the  average  weight  of  the 
empty  vehicles  of  both  types. 


The  average  weights  of  the  various  types 
of  loaded  and  empty  trucks  and  truck  com- 
binations in  the  summer  of  1951  are  shown 
in  table  4  for  the  different  regions.     This 


table  brings  out  clearly  the  important  dif- 
ferences that  exist  in  the  weight  charac- 
teristics of  the  vehicles  in  the  different 
groups.  It  will  be  noted,  for  example,  that 
for  the  United  States  as  a  whole,  the  loaded 
three-axle,  single-unit  trucks  weighed  a 
little  more  than  twice  as  much  as  the  two- 
axle,  six-tire  trucks.  The  latter,  in  turn, 
weighed  a  little  more  than  twice  as  much 
as  the  two-axle,  four-tire  trucks.  Similar 
differences  existed  throughout  the  various 
classifications.  On  the  other  hand,  the  re- 
gional differences  in  average  weight  for 
each  of  the  vehicle  types  that  are  common 
throughout  the  country  are  surprisingly 
small.  The  rather  low  weights  of  truck  and 
trailer  combinations  in  certain  sections  of 
the  country,  particularly  the  West  North 
Central  region,  indicate  a  predominance  of 
small  home-made  trailers  of  low  capacity. 
Seasonal  loadometer  data  for  1952  and 
a  corresponding  period  in  1951,  received 
from  9  States  as  previously  referred  to,  in- 
dicate that  in  1952  the  loaded  single-unit 
trucks  were  about  4  percent  lighter,  and 
the  empty  trucks  about  8  percent  lighter, 
on  the  average,  than  in  1951.  The  loaded 
tractor-semitrailer  combinations  were  less 
than  1  percent  heavier  than  in  1951  and  the 
empty  combinations  about  3  percent  heavier. 
These  data  indicated  no  change  in  the  per- 
centage of  loaded  single-unit  trucks,  but 
an  appreciable  increase  in  the  percentage 
of  truck  combinations  loaded. 

Truck  Travel  Increases 

Figure  5  shows  the  estimated  vehicle- 
mileage  of  travel  by  loaded  and  empty 
single-unit  trucks  and  truck  combinations, 
separately  and  combined,  on  main  rural 
roads  for  each  year  1936  to  1951,  inclusive,  i 
This  chart  demonstrates  graphically  the 
steady  growth  of  truck  traffic  during  the 
prewar  years  1936-41,  the  temporary  effect 
of  wartime  restrictions  in  the  period  1942- 
45,  and  the  remarkable  increases  in  truck 
transportation  that  have  occurred  since  the 
end  of  hostilities  in  1945. 

Table  5  gives  comparisons  of  the  esti- 
mated vehicle-mileage  of  travel  by  vehicles 
of  different  types  on  all  main  rural  roads 


Table  7. — Percentage  of  vehicle-miles  of  travel,  percentage  loaded,  average  carried  load, 
and  percentage  of  total  ton-miles  carried  by  various  types  of  trucks  and  truck  com- 
binations on  main  rural  roads  in  1951  compared  to  that  in  corresponding  months 
of    1950 


Vehicle  type 


Single-unit  trucks: 

Panel  and  pick-up 

Other  2-axle,  4-tire .  .  . 
Other  2-axle,  6-tire .     . 

3-axle 

All  single-unit  trucks 

Truck  combinations: 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

All  truck  combinations  .    . 

All  trucks  and  combinations 


Percentage  of  ve- 
hicle-miles of 
travel 


1951 


32  76 
2.90 

30.94 
2.00 

:,S   lid 


29.22 

2.18 

31.40 

100.00 


1950 


31.35 
2.79 

32.63 
1.68 

68.45 


29.43 

2.12 

31.55 

100.00 


Percentage 
loaded 


1951 


39.0 
54.6 
58.0 
60.9 
48.8 


69.2 
65.0 
68.9 

55.1 


1950 


37.4 
52.4 
55.9 
58.3 
47.2 


:',s  '.I 
62  3 
68.5 

53.9 


Average  carried 
load 


1951 


0.70 
91 
3.23 
7.53 
2  31 


10.48 
15.48 
10.83 


lil.YI 


Tons 

0.69 
.93 
3.20 
7.23 
2.31 


10  32 
15.32 
10.62 

5.61 


Percentage  of 
ton-miles  carried 


1951 


2.86 

.46 

18.57 

2.95 
24.84 


67.96 

7.20 

75.16 

100  00 


1950 


2.65 

.45 

19.06 

2.32 

24.48 


68.87 

6.65 

75.52 

100.00 
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TRUCKS  WEIGHING  30,000  POUNDS  OR  MORE 
TRUCKS  WEIGHING  40,000  POUNCS  OR  MORE 
TRUCKS  WEIGHING   50,000  POUNDS  OR  MORE 


Figure  8. — Number  of  heavy  gross  weights  per  1,000  trucks  and  truck  combina- 
tions (empties  included )  in  the  summers  of  1942-51  and  a  prewar  year. 


Figure  7  shows  for  each  year  from  1936 
through  1951,  the  ton-mileage  of  freight 
carried  by  trucks  and  truck-combinations 
on  main  rural  roads.  The  chart  demon- 
strates clearly  that  truck  combinations  are 
transporting  each  year  a  larger  proportion 
of  the  total  amount  of  highway  freight.  In 
1936  the  truck  combinations  hauled  slightly 
less  ton-mileage  than  the  single-unit  trucks, 
while  in  1950  they  hauled  more  than  triple 
the  amount  transported  by  the  lai-ger  num- 
ber of  lighter  vehicles.  The  rapid  rate  of 
annual  increase  in  total  freight  carried, 
which  took  place  in  1946  and  1947,  was  re- 
duced somewhat  in  1948  and  1949  to  a  rate 
more  nearly  comparable  with  that  of  pre- 
war years.  In  1950,  however,  there  was  a 
startling  increase  in  freight  ton-mileage 
somewhat  similar  to  a  rise  that  occurred  in 
1941.  In  1951  the  rate  of  increase  was 
again  reduced  to  one  closely  comparable 
with   the   prewar  trend. 

In  table  6  are  shown  comparisons  of  the 
percentage  of  vehicles  carrying  loads,  the 
average  carried  load,  and  the  ton-mileage 
carried  for  single-unit  trucks  and  for  truck 
combinations,  separately  and  combined,  in 
1951  with  corresponding  items  for  other 
years  as  in  table  5.  The  trend  from  1936 
to  1951  of  average  weight  carried,  shown 
graphically  in  figure  6,  and  that  of  the 
ton-mileage  transported  during  the  same 
period,  shown  in  figure  7,  has  already  been 
discussed. 

The  percentage  of  trucks  and  truck  com- 
binations  carrying  loads   increased   notice- 


in  1936,  the  earliest  year  for  which  compre- 
hensive travel  and  weight  data  are  avail- 
able; in  1941,  the  peak  prewar  year,  5  years 
after  the  beginning  of  the  surveys;  in  1946, 
10  years  after  the  beginning  of  the  surveys; 
and  in  1950  and  1951  which  completes  16 
full  years  of  estimates.  The  ratios  of  1951 
travel  to  that  of  the  preceding  years  in- 
dicate that  increases  for  trucks  and  truck 
combinations  generally  were  greater  than 
for  passenger  cars  and  busses,  and  that  in- 
creases for  truck  combinations  were  greater 
than  for  single-unit  trucks.  In  the  15  years 
from  1936  to  1951,  passenger-car  and  bus 
travel  combined  increased  104  percent, 
travel  by  all  trucks  and  combinations  in- 
creased 163  percent,  and  travel  by  truck 
combinations  (considered  separately)  more 
than  quadrupled,  increasing  362  percent. 

Volume  of  Highway  Freight 

Figure  6  gives  a  comparison  of  the  aver- 
age load  carried  by  single-unit  trucks  and 
truck  combinations,  separately  and  com- 
bined, in  the  16  years  that  the  planning 
surveys  have  been  operating.  The  general 
trend  of  load  weights  was  upward  through- 
out the  period.  The  slight  decline  in  the 
weights  of  loads  carried  by  single-unit 
trucks  since  1945  has  been  more  than  off- 
set by  the  increased  use  of  combinations 
and  the  increased  weights  of  loads  carried 
by  vehicles  of  this  type. 


Figure  9. Number  of  heavy  axle  loads  per  1,000  trucks  and  truck  combinations 

(empties  included)  in  the  summers  of  1942-51    and  a  prewar  year. 
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Table  8. — Heavy  gross  weights  per   1,000 

loaded 

and  empty  trucks  and    truck 

combinations 

on    main    rural    roads,    summer    o 

F    1951 

Vehicle  type 

Eastern  regions 

Central  regions 

Western  regions 

United 
States 
average 

New 

England 

Middle 

Atlantic 

South 
Atlantic 

A  verage 

East           East 
Noith        South 
Central     Central 

West 

North 
Central 

West 

South 
Central 

Average 

Moun- 
tain 

Pacific 

Average 

Number  per  1,000  Weighing  30,000  Pounds  or  More 

Single-unit  trucks: 

15 

295 

16 

541 
(2) 
540 

153 
137 

117 

26 
522 

33 

631 
(2) 
631 

234 

221 
191 

1 

246 
8 

533 

C-) 
532 

164 
177 
130 

13 
374 

18 

577 
516 
576 

191 
189 
153 

0 

232 

6 

586 
679 
594 

255 
251 
208 

1 

220 
4 

481 
(-) 
481 

109 
102 
87 

325 
6 

600 
317 

586 

158 
142 
139 

5 

339 

5 

511 
(2) 
493 

143 
146 
107 

1 

269 

5 

557 
506 
554 

178 
170 
144 

5 

356 
11 

645 
818 
673 

164 
160 
118 

1 

319 

30 

712 
717 

713 

289 
289 
176 

3 

325 

22 

691 

735 
702 

240 
233 
147 

5 

323 
12 

580 
637 

584 

192 
187 
148 

Truck  combinations: 

Number  per  1,000  Weighing  40,000  Pounds  or  More 

Single-unit  trucks: 

£axle.  6-tire 

2 

132 

5 

350 

(2) 
350 

95 
78 
66 

4 

292 

13 

425 
(2) 
427 

152 
135 
120 

0 

74 
2 

325 
(2) 
325 

98 
95 

71 

2 

177 

7 

371 
516 
372 

120 
109 
90 

0 

46 

1 

345 
552 
361 

154 
140 
105 

31 
1 

182 
<2) 
183 

41 

45 
36 

0 

30 

1 

381 
216 
373 

98 
82 

77 

0 

89 

1 

310 
(2) 
300 

85 
79 
54 

0) 
45 
1 

322 
403 
326 

103 
95 

73 

0 

119 

3 

415 
551 
437 

103 

106 

75 

0 

52 

5 

560 
564 
561 

216 
214 
121 

0 

64 

4 

515 

561 
526 

172 
167 

97 

1 

96 

3 

363 
496 
372 

119 
110 

82 

3-axle  

Truck  combinations: 

Comparative  average,  1949 

Number  per  1,000  Weighing  50,000  Pounds  or  More 

Single-unit  trucks: 

2-axle,  6-tire 

0 

29 

1 

117 

n 

116 

31 
24 
15 

2 
t9 
3 

207 
C-) 
210 

72 
63 
52 

0 
0 
0 

123 

123 

36 
28 

21 

1 

25 

1 

159 
452 
160 

50 
41 
33 

0 
9 
(') 

179 
510 
204 

87 
78 
48 

(') 
0 

(>) 

25 

(2) 
25 

6 

6 

0 
0 
0 

205 
208 
205 

54 
44 
32 

0 
3 
(') 

124 
(2) 
120 

34 
34 

18 

(') 

4 
(') 

150 
374 
162 

51 
47 
29 

0 

69 

2 

296 
506 
330 

78 
76 
51 

0 
0 
0 

464 
482 
469 

178 
176 
99 

0 
13 

1 

411 
486 
430 

138 
133 

75 

(') 
14 

1 

187 
440 
204 

64 
58 
36 

Truck  combinations: 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

A  verage 

Average,  all  trucks  and  combinations 

Comparative  average,  1950.  .  . 

Comparative  average.  1949 .  . 

1  Less  than  5  per  10,000. 

'  Data  omitted  because  of  insufficient  sample. 


ably  from  1950  to  1951  in  all  regions  except 
the  New  England  region  where  a  slight  de- 
crease of  this  factor  was  found.  In  the 
country  as  a  whole,  the  percentage  loaded 
increased  from  53.9  percent  in  1950  to 
55.1  percent  in  1951.  Both  for  single-unit 
trucks  and  for  truck  combinations,  the  per- 
centage loaded  was  higher  in  1951  than  in 
1950  or  any  year  since  1945.  However,  the 
loaded  proportion  continued  to  be  con- 
siderably less  for  the  single-unit  vehicles 
and  slightly  less  for  the  truck  combinations 
than    in    the   prewar   surveys. 

Table  7  gives  a  detailed  comparison  of 
the  percentage  of  vehicle-miles  of  travel, 
percentage  of  vehicles  loaded,  average  car- 
ried load,  and  percentage  of  total  ton-miles 
of  freight  carried  by  the  various  types  of 
trucks  and  truck  combinations  traveling  on 
main  roads  in  1950  and  1951.  Many  in- 
teresting comparisons  can  be  made  from 
this  table  showing  the  relative  importance 
from  a  freight-carrying  standpoint  of  dif- 
ferent portions  of  the  traffic  stream.  In 
1951,  for  instance,  while  panel  and  pick-up 
trucks  traveled  almost  33  percent  of  the 
vehicle-mileage,  they  accounted  for  less  than 
3  percent  of  the  ton-mileage.     The  truck- 


tractor  and  semitrailers,  on  the  other  hand, 
traveled  about  29  percent  of  the  vehicle- 
mileage  but  carried  almost  68  percent  of 
the  ton-mileage. 

From  the  column  in  table  7,  showing  per- 
centage loaded  by  types,  it  can  be  observed 
that  the  percentage  of  vehicles  carrying 
loads  tends  to  increase  directly  as  the  size 
of  the  vehicle  type,  extending  from  light 
panel  and  pick-up  trucks  that  are  loaded 
39  percent  of  the  time  to  the  heavy  com- 
binations that  are  loaded  about  69  percent 
of   the   time. 

(rross  Weights  Increase 

Figure  8  shows  by  years,  from  the  pre- 
war years  (generalfy  1936  or  1937)  to 
1951,  for  the  United  States  as  a  whole, 
the  frequency  of  gross  weights  of  30,000 
pounds  or  more,  of  40,000  pounds  or  more, 
and  50,000  pounds  or  more.  The  chart 
shows  strikingly  how  the  frequency  of 
heavy  loads  has  increased  year  after  year, 
reaching  amounts  in  1951  considerably  above 
any  previous  level.  In  this  upward  climb 
the  1951  frequencies  surpassed  even  the 
astonishing  maximum  levels  established  for 


each  weight  group  in  the  previous  year. 
For  instance,  the  frequency  of  the  loads  of 
30,000  pounds  or  more  was  3  percent  higher 
than  in  1950  and  30  percent  higher  than  in 
1949.  The  loads  of  40,000  pounds  or  more 
was  8  percent  higher  than  in  1950  and  45 
percent  higher  than  in  1949.  The  increase 
in  loads  of  50,000  pounds  or  more,  however, 
was  even  more  startling,  the  frequency 
being  10  percent  above  the  1950  figure  and 
almost  78  percent  above  the  1949  figure. 
The  30,000-pound  loads  were  over  4  times 
as  frequent  as  in  the  prewar  year;  loads 
of  40,000  pounds  or  more  were  11  times  as 
frequent;  while  those  of  50,000  pounds  or 
more  were  almost  22  times  as  frequent  as 
in  the  1936-37  period. 

The  1951  gross-weight  frequency  data  by 
vehicle  type  and  region  are  presented  in 
table  8.  No  panels,  pick-ups,  or  other  two- 
axle,  four-tire,  single-unit  trucks  were  found 
in  the  survey  weighing  as  much  as  30,000 
pounds,  so  there  is  no  entry  for  these  ve- 
hicles in  the  table,  though  they  are  included 
in  the  total  number  of  vehicles  weighed  in 
computing  the  frequencies  for  all  trucks  and 
combinations.  Heavy  gross  weights  are 
much  more  frequent  in  the  Pacific   region 
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Table  9— Heavy  axle  loads  per  1,000  loaded  and  empty  trucks  and   truck   combinations  on   main  rural   roads,  summer  of   1951 


Vehicle  type 


New 
England 


Number  per  1,000  Weighing  18,000  Pounds  ob  More 


Single-unit  trucks: 

2-axle,  6-tire 

3-axle 

Average 

Truck  combinations: 

Truck-tractor  and  semitraile'r 

Truck  and  trailer 

Average 

Average,  all  trucks  and  combinations. 

Comparative  average,  1950 

Comparative  average,  1949    

Single-unit  trucks: 

2-axle,  6-tire 

3-axle 

Average 

Truck  combinations: 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average 

Aveiage,  all  trucks  and  combinations 

Comparative  average,  1950 

Comparative  average.  1949 

Single-unit  trucks: 

2-axle,  6-tire 

3-axle 

Average 

Truck  combinations: 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average 

Average,  all  trucks  and  combinations. 

Comparative  average.  1950 

Comparative  average,  1949 


45 

172 
29 


500 

499 

151 
137 
124 


67 

332 

48 


523 

522 

207 
208 
195 


278 

278 

90 
100 
99 


43 
191 
27 


405 
339 
405 

144 
147 
140 


180 
397 
197 


166 

166 

46 
63 
50 


168 
242 
171 

53 
45 


197 

190 

60 
67 
51 


180 
303 
187 

65 
72 
63 


31 

189 

16 


186 
191 
187 

55 

83 
57 


106 
84 
99 

44 
69 
37 


Number  per  1,000  Weighing  20,000  Pounds  or  More 


28 

104 

18 


321 

320 

97 
82 
73 


49 
157 
32 


322 

320 

129 
131 
118 


110 

109 

35 
38 
46 


221 

85 

220 

79 
80 
78 


(') 


12 

123 
7 


56 
11 
49 

17 
35 

26 


Number  per  1,000  Weighing  22,000  Pounds  or  More 


148 

148 

46 
39 
33 


182 

180 

73 
80 
65 


(•) 


107 

107 

39 
42 
39 


0) 


(') 


P) 


131 

104 
124 

49 
75 
48 


26 
14 
23 

10 
24 
16 


1 

2 

0 

8 

1 

5 

7 

2 

2 

4 

6 

■> 

3 

3 

'.i 

2 

6 

28 
94 
15 


246 
189 
242 


96 


13 
37 

7 


00 
17 
93 

34 
39 
38 


7 

Hi 

t 


41 

4 

38 

14 
18 
17 


1  Data  omitted  because  of  insufficient  sample 
-  Less  than  5  per  10  000. 


than  in  other  parts  of  the  country.  In 
this  region  178  of  each  1,000  trucks  and 
truck  combinations  on  the  main  rural  high- 
ways in  1951,  empties  included,  weighed 
50,000  pounds  or  more  and  289  of  each 
1,000  weighed  30,000  pounds  or  more.  In 
the  East  North  Central  region,  255  of  each 
1,000  trucks  and  truck  combinations  weighed 
30,000  pounds  or  more,  almost  as  many  as 
in  the  Pacific  region,  but  only  87  of  each 
1,000  vehicles  weighed  50,000  pounds  or 
more,  a  frequency  less  than  half  of  that 
in  the  Pacific  region  for  this  heavy  class 
of  vehicle.  The  lowest  frequency  of  heavy 
gross  loads  was  found  in  the  East  South 
Central  region  where  only  6  of  each  1,000 
weighed  50,000  pounds  or  more,  and  only 
109  of  each  1,000  weighed  30,000  pounds  or 
more. 

As  was  pointed  out  in  the  discussion  of 
figure  8,  the  frequencies  of  heavy  gross  loads 
have  increased  noticeably  in  the  Nation  as 
a  whole.  This  increase  is  not  limited  to 
any  certain  area  but  is  distributed  through- 
out the  entire  country-  Comparing  the 
frequencies  of  gross  weights  in  1951  with 
those  in  the  previous  year,  slight  decreases 
were    found    in    the    frequencies    of    gross 


weights  of  30,000  pounds  or  more  in  the 
South  Atlantic  region  and  in  the  West 
South  Central  region;  in  the  frequency  of 
gross  weights  of  40,000  pounds  or  more  in 
the  East  South  Central  and  in  the  Mountain 
regions;  and  in  the  frequency  of  gross 
weights  of  50,000  pounds  or  more  in  the 
East  South  Central  region.  The  frequency 
of  gross  weights,  50,000  pounds  or  more, 
in  the  West  South  Central  region  did  not 
change  nor  did  the  frequency  of  gross 
weights  of  30,000  pounds  or  more  in  the 
Pacific  region.  The  largest  increases  were 
found  in  the  New  England  region  where 
the  frequency  of  loads  of  30,000  pounds 
or  more  increased  from  137  per  1,000  ve- 
hicles in  1950  to  153  in  1951.  Also  in  that 
region,  loads  of  40,000  pounds  or  more  in- 
creased from  78  in  1950  to  95  in  1951,  and 
those  of  50,000  pounds  or  more  increased 
from  24  in  1950  to  31  in  1951  for  each 
1,000  vehicles. 

Seasonal  data  collected  in  1952,  and  in  a 
corresponding  period  in  1951  from  the  9 
States  previously  listed,  indicate  that  the 
frequency  of  the  heavier  loads  is  higher 
in  1952  than  in  1951.  This  increase  is  par- 
ticularly   noticeable    in    the    frequency    of 


vehicles  weighing  50,000  pounds  or  more 
which,  in  the  sample  received,  were  20  per- 
cent more  frequent  in  1952  than  in  the 
earlier  year.  On  the  other  hand,  vehicles 
weighing  40,000  pounds  or  more  were  only 
slightly  more  frequent  in  1952,  while  the 
frequency  of  those  weighing  30,000  pounds 
or  more  had  not  changed  appreciably. 

Frequency  of  Heavy  Axle  Loads 

Figure  9  shows  the  frequency  of  axle 
loads  of  18,000  pounds  or  more,  20,000 
pounds  or  more,  and  of  22,000  pounds  or 
more  for  the  prewar  years  (1936-37)  and 
by  years  from  1942  to  1951.  The  frequency 
of  these  heavy  axle  loads  increased  year  by 
year  from  the  prewar  period  through  1948. 
Since  1948,  however,  the  trend  apparently 
has  been  reversed  for,  with  the  exception 
of  1950,  the  data  seem  to  indicate  a  down- 
ward trend  or  at  least  a  leveling  off.  Such 
a  leveling  off  in  the  frequency  of  the 
heavier  axle  loads,  though  heavy  gross 
loads  have  increased  in  the  past  year,  may 
indicate  that  more  attention  is  being  given 
to  proper  load  distribution,  due  perhaps  to 
better  enforcement  of  legal  limits. 


PUBLIC  ROADS.  Vol.  27,  No.  6 


121 


Tabic  10. — Number  of  trucks  and  truck  combinations,  per  1,000 
loaded  and  empty  vehicles,  that  exceeded  the  permissible 
axle,  axle-group,  or  gross-weight  legal  limits  in  effect  in  the 
States  by  various  percentages  (maximum)  of  overload,  sum- 
mer of  195 ! 


Region 


New  England: 

2-axle,  6-tire  .     .  

3-axle 

Average,  single-unit  trucks 

Truck-tractoi  and  semitrailer . 

Truck  and  trailer. 

rage,  truck  combinations 

Average,  all  trucks  and  combinations 
Middle  Atlantic: 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks   . 
Truck- ti actor  and  semitrailer 
Truck  and  trailer .  . 

Average,  truck  combinations.  . ._.  .  . 
Average,  all  trucks  and  combinations 
South  Atlantic: 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations. 
Average,  all  trucks  and  combinations 
East  North  Central: 

2-axle,  6-tire 

3-axle _ 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations. 
Average,  all  trucks  and  combinations 
East  South  Central: 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semittailer 

Truck  and  trailer . 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 
West  North  Central: 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 
West  South  Central: 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer   

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 
Mountain: 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer  

Truck  and  trader 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 
Pacific: 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 
United  States  average: 
2-axle,  6-tire .  .  . 
3-axle . 


Average,  single-unit  trucks 

Truok-traetor  and  semitrailer 

Truck  and  trailer    

Average,  truck  combinations 

Average,  all  trucks  and  combinations 

Comparative,  average,  1950 

Comparative  average,  1949 


Num- 
ber 

1,000 
over- 
loaded 


13 


9 

114 


114 
36 

20 
187 

22 
175 
267 
176 

74 

9 

38 

5 

101 


101 
34 


34 

5 

125 

221 

132 

59 

15 

56 

8 

129 


Number  per  1 ,000  overloaded 
more  than — 


per- 
cent 


24 

24 
152 

18 
134 

69 
133 

57 


129 

35 

11 
63 

7 
201 

70 
195 

56 

24 

63 

9 

176 


170 
54 

24 
136 

12 
168 
254 
182 

51 

6 
37 

6 

65 

132 

84 

36 

15 

71 

9 

139 

157 

140 

50 

67 

51 


71 
23 

3 
19 

2 

65 

123 

69 

30 

10 

37 

5 

79 


79 

21 

6 

21 

3 

118 

56 

115 

32 

19 

33 

7 

121 


117 
38 

15 
104 
8 
116 
130 
118 

33 

3 
18 

3 
33 
56 
40 
17 

10 
46 
6 
89 
78 
88 
32 
41 
35 


10 
per- 
cent 


20 
per- 
cent 


18 


5 
7 
6 


1  Less  than  5  per  10.00'). 


Table  9  gives  data  concerning  the  number 
of  heavy  axle  loads  per  1,000  loaded  and 
empty  trucks  and  truck  combinations  of 
various  types  on  the  main  rural  roads  by 
regions  in  1951.  Since  no  panel  or  pick-up 
trucks  were  found  with  axles  weighing  18,- 
000  pounds  or  more  there  is  no  entry  for 
these  in  the  table  though  they  are  included 


30 

per- 
cent 


6 
.  .  .„ 

2 


(') 
1 


4 
2 


(») 
11 


(') 

0; 
l 
(') 
(') 

2 
3 
1 
7 
1 
7 
3 
5 
4 


50 
per- 
cent 


m 


(>) 

1 


1 

(■) 


(') 


(') 


1 

(') 

1 

C) 

(') 

1 

(') 

0) 


(') 

0) 


2 
1 

(') 
12 

(') 
2 


2 

0) 


(') 
1 

0) 
1 

(>) 
1 

(l) 
1 
1 


Table  11. — Number  of  trucks  and  truck  combinations,  per  1,000 
loaded  and  empty  vehicles,  that  exceeded  any  of  the  per- 
missible load  limits  recommended  by  the  A.A.S.H.O.  by- 
various  percentages  (maximum)  of  overload  in  the  summer 
of   1951 


Region  and  type  of  vehicle 


New  England: 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitraile. 

Truck  and  trailer .•■••. 

Average,  truck  combinations ....... 

Average,  all  trucks  and  combinations 
Middle  Atlantic: 

2-axle,  6-the 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer .-•••. 

Average,  truck  combinations ....... 

Average,  all  trucks  and  combinations 
South  Atlantic: 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 
East  North  Central: 

2-axle,  6-tire 

3-axle _ 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer    

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 
East  South  Central: 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer .    

Average,  truck  combinations 

Average,  all  trucks  and  combinations . 
West  North  Central: 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer _ 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 
West  South  Central: 

2-axle,  6-tire 

3-axle 

Aveiage,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer ;  ■  •  •. 

Average,  truck  combinations 

Average,  all  trucks  and  combinations. 
Mountain: 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks   

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 
Pacific: 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrader 

Truck  and  trailer 

Average   truck  combinations 

Average,  all  trucks  and  combinations 
United  States  average: 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer   

Truck  and  trailer 

Average,  truck  combinations.    .... 
Average,  all  trucks  and  combinations 

Comparative  average,  1950 

Comparative  average,  1949 


Num- 
ber 
per 
1,000 
over- 
loaded 


43 


25 
269 


268 


55 
243 

38 
302 
342 
302 
127 

16 
83 
10 

180 


180 
61 

10 

19 

6 

211 

406 

226 

99 

15 

44 

8 

113 


113 
31 

11 

38 

6 

173 

58 
167 

48 

24 

72 

9 

165 


159 
51 

24 
137 

12 
199 
314 
218 

59 


41 
6 

154 

278 

189 

75 

21 

83 

12 

198 

282 

204 

72 

91 

68 


Number  per  1,000  overloaded 
more  than — 


5 
per- 
cent 


35 

76 

21 

232 


231 
76 

52 
201 

35 
255 
191 
255 
109 

13 

54 

7 

133 


133 
44 


3 

136 

374 

154 

67 

10 

30 

5 

70 


8 

3 

106 

56 

103 

29 

19 
33 

7 
113 


109 
36 

15 
109 
8 
149 
211 
159 

43 

3 

18 

3 

112 

173 

129 

51 

17 

57 

9 

142 

211 

147 

52 

68 

53 


10 

per- 
cent 


29 

58 

17 

194 


194 
63 

47 
141 

30 
203 
130 
202 


2 

72 

308 

90 

39 

7 
12 

4 
34 


22 

9 

74 

5 

103 

123 

106 

28 

2 
2 
1 
71 
85 
75 
29 

13 
35 
7 
94 
139 
97 
35 
46 
38 


20 
per- 
cent 


18 

33 

10 

112 


112 
37 

31 
38 
18 

125 
7 

124 
54 

2 

4 

1 

37 


1 

15 

171 

27 

12 


0) 

18 

10 

16 

6 

7 
12 

4 
40 
54 
41 
16 
21 
19 


30 

per- 
cent 


48 
17 

19 
13 
11 
71 

"70 

31 

(') 

2 

(') 
10 


0) 


0) 

5 
3 

4 


1  Less  than  5  per  10,000. 


in  figuring   the  frequencies   for   all   trucks 
and   truck  combinations. 

Though  the  greatest  frequency  of  heavy 
gross  weights  was  in  the  Pacific  region, 
as  shown  in  table  8,  the  lowest  frequency 
of  heavy  axle  loads  was  in  that  region. 
Frequencies  almost  as  low  were  found  in 
the  West  North  Central  and  the  East  South 


Central  regions.  In  the  Pacific  region,  only 
2  axles  of  22,000  pounds  or  more  were 
found  in  1951  for  each  1,000  vehicles  while 
in  each  of  the  two  Central  regions  men- 
tioned, only  3  such  axles  were  found  for 
each  1,000  vehicles  weighed.  By  far  the 
greatest  frequency  of  heavy  axle  loads  was 
in  the  Middle  Atlantic  region  and  the  next 
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lable  1Z.— Number ■  ot  trucks  and  truck  combinations,  per  1,000  loaded  and  empty  vehicle* 
that  exceeded  the  perm.ssible  axle-group  loads  recommended  by  the  T1I.HO  by 
various   percentages   of  overload    in    the    summer  of   1951  «^.o.o.v.    D> 


Region  and  type  of  vehicle 

Num- 
ber 
per 
1,000 
over- 
loaded 

Number  per  1,000  overloaded  more  than— 

5 
percent 

10 
percent 

20 
percent 

30 
percent 

50 
Percent 

New  England: 

(') 
75 
2 
64 

64 

18 

4 
232 

11 
134 
260 
135 

53 

(') 
67 
2 
68 

Average,  single-unit  trucks  .  .     . 

60 

2 

40 

40 
12 

3 

186 

8 

105 

62 

105 

41 

(') 
40 
1 
48 

49 

1 

26 

'    26 
8 

3 
141 

7 
72 
62 
72 
29 

(') 

25 

1 

34 

27 
1 

7 

•y 
3 

1 
35 

2 
29 

7 
29 
11 

15 

2 

2 
1 

1 
13 

1 
19 

1 

"i" 
(') 

4 

Truck-tractor  and  semitrailer.  .  .  . 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 

Middle  Atlantic: 

3-axle 

Average,  single-unit  trucks. 

Truck-tractor  and  semitrailer.  . 

Truck  and  trailer 

Average,  all  trucks  and  combinations.  . 

19 

7 

4 

1 

South  Atlantic: 

Average,  single-unit  trucks. 

1 
16 

Truck  and  trailer 

4 

(') 

Average,  all  trucks  and  combinations 

68 
22 

48 

15 

34 
11 

16 
5 

4 

1 

East  North  Central: 

Average,  single-unit  trucks.  .  .  . 
Truck-tractor  and  semitrailer. 

9 

(') 

137 

.;m 

156 

66 

(>) 

10 
(') 

11 

3 

(') 

84 

359 

105 

45 

(') 
10 

0) 

6 

45 

294 

64 

27 

(') 

6 
(') 

2 

7 

164 

19 

8 

2 
33 

4 
2 

0) 

(') 
4 

(') 

0; 

Truck  and  trailer.    

Average,  truck  combinations. .  . 

Average,  all  trucks  and  combinations 

East  South  Central: 

3-axle 

Average,  single-unit  trucks.  . 
Truck-tractor  and  semitrailer 

(') 
1 

0) 

(') 

Truck  and  trailer 

Average,  truck  combinations. . .  . 

11 
2 

6 
1 

2 

1 
C) 

Average,  all  trucks  and  combinations 

West  North  Central: 

2-axle,  6-tire 

27 

1 

116 

58 
113 

30 

0) 
46 

(') 
84 

5 
(') 
74 
19 
71 
19 

5 

0) 

43 
12 

41 
11 

3 

(') 
12 

Average,  single-unit  trucks.  . 

Truck-tractor  and  semitrailer .  . 

4 

i 

Truck  and  trailer 

Average,  truck  combinations 

11 
3 

4 
1 

i 

o 

Average,  all  trucks  and  combinations .  . 

West  South  Central: 

2-axle,  6-tire 

3-axle 

25 
56 

25 
29 

17 
(') 
9 

8 

(') 
5 

8 

(') 

1 

Average,  Bingle-unit  trucks ... 

Truck-tractor  and  semitrailer .  . 
Truck  and  trailer 

Average,  truck  combinations 

81 
23 

54 
15 

28 
8 

9 
3 

5 

1 

1 

Average,  all  trucks  and  combinations. .  .  . 

Mountain: 

2-axle,  6-tire 

3-axle 

130 

3 

151 

254 
168 

41 

103 
3 
117 
176 
127 
32 

74 
2 
87 
114 
91 
23 

53 

1 

39 

25 

37 
9 

25 
1 

11 
2 

10 
3 

1 
1 

Average,  single-unit  trucks.  .  .  . 

Truck-tractor  and  semitrailer.  .  .  . 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations .  . 

Pacific: 

2-axle,  6-tire 

3-axle 

35 

3 

142 

253 

174 
68 

1 
71 

3 
107 
256 

9 
1 
107 
158 
122 
47 

(') 

47 

1 

73 

191 

2 

69 

74 

70 
27 

(') 
33 
1 
45 
127 
51 
17 
22 
14 

Average,  single-unit  trucks.  .  . 

Truck-tractor  and  semitrailer .  . 

17 
7 

14 
5 

(') 

11 

(') 

14 

50 

16 

5 

8 

7 

5 
3 

4 
2 

0) 
4 

(') 
6 
10 
6 
2 
3 
3 

(') 
1 

0) 

0) 

(') 

(') 

1 

2 

1 
(') 
1 

1 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations.  . 
United  States  average: 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks .  .  . 

Truck-tractor  and  semitrailer.  . 

Truck  and  trailer 

Average,  truck  combinations 

117               81 

Average,  all  trucks  and  combinations 

39 

44 
2.8 

26 
33 

21 

Comparative  average,  1950 

Comparative  average,  1949.  .  . 

. 

Less  than  5  per  10.000. 


greatest  in  New  England.  In  these  two 
regions  the  relatively  high  frequency  is  at- 
tributable mainly  to  the  large  number  of 
two-axle  truck-tractors  pulling  one-axle  or 
two-axle  semitrailers.  The  relative  infre- 
quency  of  heavy  axles  in  the  Pacific  region, 
in  the  presence  of  a  large  proportion  of 
heavy  gross  loads,  indicates  a  better  dis- 
tribution of  the  loads  over  a  larger  number 
of  axles. 


Although  the  frequency  of  heavy  gross 
loads  has  increased  somewhat  in  all  regions, 
as  stated  in  connection  with  the  discussion 
of  table  8,  the  trend  in  frequency  of  heavy 
axle  loads  followed  a  different  pattern.  This 
is  demonstrated  by  comparing  the  frequency 
of  heavy  axle  loads  in  1951  with  those  of 
1950,  as  shown  for  each  region  in  table 
9,  and  noting  that  the  frequency  of  heavy 
axle    loads    decreased   in    every   region    ex- 


cept the  New  England  and  West  North 
Central  regions,  whereas  table  8  shows  that 
the  frequency  of  gross  loads  increased  some- 
what in  most  regions. 

Seasonal  information  collected  in  1952 
and  in  a  corresponding  period  in  1951,  re- 
ported by  the  9  States  previously  men- 
tioned, indicates  that  the  frequency  of  the 
heavier  axle  loads  may  generally  be  higher 
in  1952  than  in  the  previous  year.  How- 
ever, the  data  so  far  available  are  not  suf- 
ficient to  conclude  that  the  leveling*  off  in 
the  trend  of  heavy  axle  load  frequencies 
noted  during  the  preceding  few  years  is 
temporary  only. 

Loads  Above  Legal  Limits 

Table  10  shows  the  number  of  trucks  and 
truck  combinations  of  each  type,  per  1,000 
such  vehicles  counted,  empties  included,  that 
exceeded  the  legal  axle,  axle-group,  or  gross- 
weight  limits  in  effect  in  the  individual 
States  in  the  summer  of  1951,  and  the  num- 
ber per  1,000  that  exceeded  these  limits  by 
various  percentages.  Comparative  figures 
are  given  at  the  bottom  of  the  table  for 
the  Nation  as  a  whole,  for  1949  and  1950. 
It  shows  that,  on  the  whole,  there  was  much 
better  compliance  with  legal  limitations  in 
1951  than  in  1950  and  somewhat  better  than 
in  1949.  Only  three-quarters  as  many  ve- 
hicles were  overloaded  in  1951  as  in  the 
previous  year,  and  only  two-thirds  as  many 
exceeded  the  State  weight  limits  by  20  per- 
cent or  more. 

Loads  in  excess  of  State  law  were,  in 
1951,  most  frequent  in  the  Middle  Atlantic 
States,  although  even  in  this  region,  com- 
pared to  that  of  1950,  a  slight  reduction  in 
the  ^frequency  of  overloaded  vehicles  was 
found.  Slight  increases  in  the  frequency 
of  overloaded  vehicles  were  found  in  the 
New  England  and  in  the  West  North  Cen- 
tral regions,  but  substantial  decreases  were 
recorded  in  all  other  areas.  In  the  East 
South  Central  region,  where  in  1950  ex- 
traordinary conditions  in  one  State  caused 
the  highest  regional  frequency  (115  per 
1,000)  of  overloading  to  be  recorded,  the 
1951  data  indicated  a  frequency  of  only  35 
overloaded  vehicles  per  1,000  counted.  This 
1951  frequency  in  the  East  South  Central 
region  was  next  to  the  lowest  figure  recorded 
in  that  year,  it  being  bettered  only  by  the 
South  Atlantic  region  with  a  frequency  of 
only  34  excessively  loaded  vehicles  for  each 
1,000.  After  the  Middle  Atlantic  region 
where,  of  all  loaded  and  empty  trucks  and 
truck  combinations  weighed  in  1951,  74 
exceeded  one  or  more  of  the  State  weight 
limits,  the  East  North  Central  region  had 
the  second  highest  rate  of  overloads  (59) 
and  in  descending  order  of  rates  of  viola- 
tion were  the  West  North  Central  (56), 
the  West  South  Central  (54),  the  Mountain 
(51),  the  New  England  (36),  the  Pacific 
(36),  the  East  South  Central  (35),  and  the 
South  Atlantic  (34). 

No   panel    or   pick-up    truck    or    other    2- 
axle,    4-tired    truck    was    weighed    that    ex- 
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ceeded  any  of  the  State  weight  regulations 
and  these  classifications  are  omitted  from 
tables  10-12  although  the  number  of  such 
vehicles  counted  is  included  in  the  calcu- 
lations. 


Recommended   Weight  Limits 

Uniform  regulations  concerning  maximum 
allowable  gross  weights,  axle  weights,  and 
axle-group  weights  have  been  adopted  as  a 
policy  by  the  American  Association  of  State 
Highway  Officials  and  recommended  to  the 
State  governments  for  adoption."  This 
policy  recommends  that  no  axle  shall  carry 
a  load  in  excess  of  18,000  pounds  and  no 
group  of  axles  shall  carry  a  load  in  excess 
of  amounts  specified  in  a  table  of  permissible 
weights  based  on  the  distance  between  the 
extremes  of  any  group  of  axles. 

The  frequencies  of  axle  loads  of  18,000 
pounds  or  more,  20,000  pounds  or  more,  and 
22,000  pounds  or  more  have  already  been 
discussed  in  connection  with  table  9  and 
will  not  be  discussed  further  here. 

As  might  be  expected,  many  vehicles  were 
so  loaded  that  they  exceeded  more  than 
one  recommended  weight  limit,  and  some 
vehicles  had  more  than  one  axle  loaded  in 
excess  of  the  recommended  limit.  Counting 
each  vehicle  only  once,  regardless  of  the 
number  of  ways  in  which  it  exceeded  any  of 
the  A.A.S.H.O.  recommended  limits,  table 
11  was  prepared  to  show  the  number  of 
vehicles  per  1,000  of  each  type,  both  loaded 
and  empty,  that  exceeded  the  limits  by 
various  percentages.  Those  vehicles  which 
exceeded  more  than  one  provision  of  the 
recommended  restrictions  were  tabulated 
only  in  the  column  showing  the  highest  per- 
centage  excess   of   any  item. 

In  the  various  regions  of  the  United 
States,  the  number  of  vehicles  out  of  every 
1,000  that  exceeded  the  recommendations 
in  1951  was  lower  in  each  region  except  in 
the  West  North  Central  where  the  frequency 
of  all  excessive  loads  remained  the  same 
as  in  1950.  As  might  be  expected,  due  to 
the  high  frequency  of  excessively  heavy 
axles  in  the  Middle  Atlantic  region,  as  in- 


Policy  i  mceming  maximum  dimensions,  weights, 
and  speeds  of  motor  vehicles  to  he  operated  over  the 
highways  of  the  United  States,  adopted  April  1,  1946, 
by  the  American  Association  of  State  Highway  Of- 
ficials :    published   by   the  Association   in    1946. 


dicated  in  table  9,  that  region  led  all 
others  in  the  number  of  vehicles  out  of  every 
1,000  that  exceeded  any  of  the  A.A.S.H.O. 
recommendations  (127  for  each  1,000  ve- 
hicles counted),  while  in  descending  order 
were  the  East  North  Central  (99),  New 
England  (88),  Pacific  (75),  South  Atlantic 
(61),  Mountain  (59),  West  South  Central 
(51),  West  North  Central  (48),  and  East 
South   Central    (31). 

In  the  United  States  as  a  whole,  72  ve- 
hicles out  of  every  1,000  were  overloaded 
to  some  degree  according  to  the  A.A.S.H.O. 
standards  and  16  out  of  every  1,000  ex- 
ceeded some  one  of  the  recommended  pro- 
visions by  more  than  20  percent.  The  fre- 
quency of  vehicles  exceeding  the  recom- 
mendations by  any  amount  in  1951  was  21 
percent  less  than  in  1950.  The  frequency 
exceeding  the  recommendations  by  more 
than  20  percent  in  1951  was  almost  24  per- 
cent less  than  in  the  previous  year. 

Table  12  shows  the  number  of  vehicles  of 
various  types,  per  1,000  vehicles  with  an 
axle-group  load  in  excess  of  the  limits  rec- 
ommended by  the  A.A.S.H.O.  and  in  excess 
of  the  limits  by  various  percentages.  For 
the  United  States  as  a  whole,  the  frequency 
of  axle-group  loads  in  1951  was  lower  than 
in  1950  though  somewhat  higher  than  in 
1949.  When  it  is  considered  that  the  aver- 
age weight  of  all  trucks  and  combinations 
in  1951  exceeded  the  average  weight  of 
these  vehicles  in  1950  and  that,  at  the  same 
time,  the  frequency  of  axle-group  loads  in 
excess  of  the  A.A.S.H.O.  recommendations 
decreased  materially,  it  appears  that  some 
effort  is  being  made  to  reduce  load  concen- 
trations. The  1951  frequency  of  excessive 
axle-group  loads  in  the  United  States  as  a 
whole  decreased  from  the  frequencies  of 
1950  in  all  regions  except  in  the  South  At- 
lantic and  the  West  North  Central  regions. 
As  in  the  previous  year,  the  highest  fre- 
quency of  excessive  axle-group  loads  was 
found  in  the  Pacific  region  (68  per  1,000 
vehicles),  while  the  regions  in  descending 
order  of  the  number  of  vehicles  with  ex- 
cessive axle-group  loads  were  East  North 
Central  (66),  Middle  Atlantic  (53),  Moun- 
tain (41),  West  North  Central  (30),  West 
South  Central  (23),  South  Atlantic  (22), 
New  England  (18),  and  East  South  Cen- 
tral   (2). 

It  will  be  noted  that  a  higher  proportion 


State  Limits  Higher 

In  considering  the  data  concerning  the 
frequencies  of  vehicles  exceeding  the  State 
legal  limits  and  the  A.A.S.H.O.  recommenda- 
tions, especially  the  frequencies  in  the  Mid- 
dle Atlantic  and  New  England  regions,  the 
fact  should  be  recognized  that  higher  limits 
generally  are  permitted  under  State  laws 
in  these  areas  than  are  recommended  by 
the  Association.  Axles  exceeding  the  recom- 
mended limits  by  as  much  as  25  percent 
may  be  within  the  legal  limits  of  certain 
States,  particularly  in  these  two  regions. 
Some  States  have  no  axle-group  limits  and 
one  State  has  no  prescribed  axle-load  limit 
in  their  motor-vehicle  restrictions,  a  fact 
that  further  complicates  direct  comparison 
of  excess  weights  based  on  law  and  those 
based  on  the  recommendations.  Comparison 
of  the  frequency  data  for  New  England 
and  the  Middle  Atlantic  regions  given  in 
table  11  with  those  in  table  10  shows  that 
only  about  one-third  to  one-half  of  the 
vehicles  exceeding  one  or  more  of  the  As- 
sociation recommendations  actually  exceeded 
a  State  legal  limit.  Due  to  more  stringent 
weight  laws  in  the  East  South  Central,  the 
West  North  Central,  and  the  West  South 
Central  regions,  the  frequency  of  vehicles 
exceeding  the  State  weight  limits  in  the 
States  of  these  regions  is  slightly  greater 
than  the  frequency  of  those  exceeding  the 
Association  recommendations.  For  the 
United  States  as  a  whole,  over  two-thirds 
of  the  vehicles  exceeding  one  or  more  of 
the  Association  recommendations  also  ex 
ceeded  a   State  legal  limit. 


124 


February  1953  •  PUBLIC  ROADS       PI 


Road  Test  One-MD 


A  Motion  Picture 


Road  Test  One- — MD,  a  motion  picture 
produced  by  the  Bureau  of  Public  Roads, 
is  now  available  for  lending  to  in- 
terested organizations.  The  16-millimeter 
color  and  sound  film,  in  three  reels,  has 
a  running  time  of  about  an  hour  and  a 
quarter.  It  depicts  the  operation  of  and 
explains  the  conclusions  drawn  from  the  test 
conducted  in  1950  at  La  Plata,  Md.,  under 
the  direction  of  the  Highway  Research 
Board  on  behalf  of  11  Eastern  States  and 
with  the  cooperation  of  the  Bureau  of  Pub- 
lic Roads.  The  final  report  of  the  study 
was  recently  published  by  the  Board. 

In  the  test,  a  1.1-mile  section  of  typical 
concrete  pavement,  which  had  withstood  10 
years  of  weathering  and  moderate  traffic 
with  very  slight  distress,  was  subjected  to 
6  months  of  continuous  controlled  truck 
traffic.  On  each  of  four  test  lanes,  pairs 
of  trucks  were  operated — single-axle  trucks 
with  18,000-  and  22,400-pound  rear-axle 
loads,  and  tandem-axle  trucks  with  32,000 
and  44,800  pounds  on  the  tandem  rear  axles. 
Pumping,  cracking,  deflections  and  strains, 


and  other  evidences  of  distress  and  failure 
were  carefully  recorded  and  analyzed  in 
conjunction  with  data  on  soils,  rainfall,  etc. 

Part  I  of  the  motion  picture  illustrates 
the  nature  and  scope  of  the  field  operations. 
Evidence  of  the  effect  of  the  various  load- 
ings is  shown  in  a  chronological  series  of 
scenes  focused  on  typical  slabs. 

Part  II,  by  means  of  working  models  and 
animated  charts,  illustrates  the  data  col- 
lected and  the  conclusions  derived  therefrom. 
The  causes  and  effects  of  the  phenomena 
observed  are  clearly  and  simply  explained 
in  layman's  language. 

The  nature  and  distribution  of  the  types 
of  soils  underlying  the  pavement,  and  their 
relation  to  pavement  failure,  are  portrayed. 
The  effects  of  typical  rainfalls  in  the  grad- 
ual increase  of  pumping  and  cracking  are 
demonstrated,  followed  by  a  comparison  of 
cracking  under  the  various  axle  loadings 
on  the  uniform  basis  of  lineal  feet  of  crack- 
ing per  slab  on  a  single  type  (the  pre- 
dominant A-6)   of  soil. 

A    model    pavement,    supported    first    by 


granular  soil  and  then  by  fine-grained  soil, 
shows  how  pumping  occurs  and  what  are 
its  effects.  The  model  slab,  undermined 
by  pumping,  is  actually  broken  by  a  minia- 
ture loaded  truck.  The  nature  and  causes 
of  stresses  are  demonstrated,  and  compari- 
sons are  made  of  the  magnitudes  and  loca- 
tions of  stresses  caused  by  single-axle  and 
tandem-axle  trucks,  on  both  fully  supported 
and  pumped-out  subgrades.  The  cause  of 
longitudinal  cracking  is  demonstrated. 

The  film  ends  with  a  summary  of  the  con- 
clusions drawn  from  the  test,  and  brief 
comment  on  their  significance. 

Road  Test  One — MD  may  be  borrowed  by 
any  responsible  organization,  without  charge 
except  for  the  nominal  shipping  costs,  by 
writing  to  the  Visual  Education  Section, 
Bureau  of  Public  Roads,  Washington  25, 
D.  C.  It  is  anticipated  that  there  will  be 
considerable  demand  for  this  film,  and  the 
number  of  available  prints  will  be  limited. 
In  requesting  loan  of  the  picture,  several 
alternate  dates  should  be  proposed.  Loans 
can  be  made  only  for  short  periods  of  time. 


New  Publications 


The  Annual  Report  of  the  Bureau  of 
Public  Roads  for  the  fiscal  year  ended  June 
30,  1952,  is  now  available  from  the  Super- 
intendent of  Documents,  U.  S.  Government 
Printing  Office,  Washington  25,  D.  C,  at 
25  cents  a  copy. 

This  81-page  publication  discusses  the 
progress  that  was  made  during  the  fiscal 
year  in  Federal-aid  highway  planning,  pro- 
graming, and  construction,  as  well  as  other 
functions  of  the  Bureau  relating  to  high- 
ways. 

Accomplishments  of  the  Bureau  of  Public 
Roads  during  the  past  fiscal  year  may  be 
summarized  in  three  main  categories:  the 
Federal-aid  highway  construction  program, 
assistance  to  foreign  countries  in  highway 
matters,  and  the  research  program  in  fields 
relating  to  highway  improvement. 

During  the  year  the  construction  pro- 
gram was  carried  forward  with  the  $500 
million  Federal-aid  authoi-ization  together 
with  State  and  local  government  matching 


funds.  Work  completed  involved  the  im- 
provement of  5,628  miles  of  principal  inter- 
city routes  which  carry  the  predominant 
portion  of  all  rural  traffic,  the  elimination 
of  traffic -congested  arteries  in  many  of  our 
populous  cities  by  constructing  772  miles 
of  modern  high-speed  expressways  and  other 
high-type  facilities,  and  the  improvement  of 
11,109  miles  of  the  more  important  sec- 
ondary roads  serving  the  rural  population. 
In  addition  to  the  regular  Federal-aid  pro- 
gram, emergency  flood  relief  projects  and 
improvements  in  National  parks  and  forests 
totaled  601  miles.  The  total  length  of  con- 
struction projects  completed  during  the 
fiscal  year  ending  June  30,  1952,  at  a  cost 
of  $846  million  was  18,110  miles. 

A  second  phase  of  the  Bureau's  activity 
provided  for  aid  to  foreign  countries  which 
involved  supervising  the  equipping,  train- 
ing, and  organizing  of  highway  depart- 
ments, and  assisting  in  the  planning  and 
restoring   of    highway    systems.      Such    as- 


sistance was  made  available  to  Turkey, 
Ethiopia,  Liberia,  and  the  Philippines.  Dur- 
ing the  year,  over  220  engineers  from  more 
than  54  countries  came  to  the  Bureau  for 
assistance  in  studying  American  highway 
practice. 

A  third  phase  of  the  work  of  the  Bureau 
related  to  research  in  the  fields  of  highway 
finance  and  administration,  highway  trans- 
port, hydraulics,  and  physical  studies  of  the 
properties  of  highway  materials  and  soils, 
and  the  design  of  pavements  and  structures. 

REPRINTS 

Also  available  from  the  Superintendent  of 
Documents  are  reprints  of  the  articles  High- 
way Transportation  Economics  by  Richard 
M.  Zettel,  appearing  in  the  August  1952 
issue  of  Public  Roads,  vol.  27,  No.  3  (10 
cents),  and  Recent  Trends  in  Highway  Bond 
Financing  by  Messrs.  Duzan,  McCallum,  and 
Todd,  appearing  in  the  October  1952  issue, 
vol.  27,  No.  4  (20  cents). 
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A  complete  list  of  the  publications  of  the 
Bureau  of  Public  Roads,  classified  according 
to  subject  and  including  the  more  important 
articles  in  Public  Roads,  may  be  obtained 
upon  request  addressed  to  Bureau  of  Public 
Roads,   Washington   25,   D.   C. 


PUBLICATIONS 
of  the  Bureau  of  Public  Roads 


The  following  publications  are  sold  by  the  Superintendent 
of  Documents.  Government  Printing  Office,  Washington  25, 
D.  C.  Orders  should  be  sent  direct  to  the  Superintendent  of 
Documents.      Prepayment    is    required. 


ANNUAL  REPORTS 

Work  of  the  Public  Roads  Administration : 

1941,  15  cents.         1946,  20  cents.         1948,  20  cents. 

1942,  10  cents.         1947,  20  cents.         1949,  25  cents. 
Public    Roads    Administration    Annual    Reports:    1943;    1944; 

1945.   [Free  from  Bureau  of  Public  Roads) 

Annual  Reports  of  the  Bureau  of  Public  Roads: 

1950,  25  cents.         1951,  35  cents.         1952,  25  cents. 


HOUSE  DOCUMENT  NO.  462 

Part  1. — Nonuniformity  of  State  Motor-Vehicle  Traffic  Laws. 
15  cents. 

Part  2. — Skilled  Investigation  at  the  Scene  of  the  Accident 
Needed  to  Develop  Causes.     10  cents. 

Part  3. — Inadequacy  of  State  Motor- Vehicle  Accident  Report- 
ing.    10  cents. 

Part  4. — Official  Inspection  of  Vehicles.     10  cents. 

Part  5. — Case  Histories  of  Fatal  Highway  Accidents.  10  cents. 

Part  6. — The  Accident-Prone  Driver.     10  cents. 


UNIFORM  VEHICLE  CODE 

Act     I. — Uniform  Motor-Vehicle  Administration,  Registration, 

Certificate  of  Title,  and  Antitheft  Act.     10  cents. 
Act   II. — Uniform   Motor-Vehicle   Operators'   and    Chauffeurs' 

License  Act.     15  cents,  (revised  1952) 
Act  III. — Uniform  Motor-Vehicle  Civil  Liability  Act.  10  cents. 
Act  IV. — Uniform  Motor-Vehicle  Safety  Responsibility  Act.  15 

cents,     (revised  1952) 
Act    V. — Uniform    Act    Regulating    Traffic    on    Highways.   20 

cents. 
Model  Traffic  Ordinance.  15  cents,   (revised  1952) 


MAPS 

State  Transportation  Map  series  (available  for  39  States).  Uni- 
form sheets  26  by  36  inches,  scale  1  inch  equals  4  miles.  Shows 
in  colors  Federal-aid  and  State  highways  with  surface  types, 
principal  connecting  roads,  railroads,  airports,  waterways, 
National  and  State  forests,  parks,  and  other  reservations. 
Prices  and  number  of  sheets  for  each  State  vary — see  Super- 
intendent of  Documents  price  list  53. 

United  States  System  of  Numbered  Highways  together  with  the 
Federal-Aid  Highway  System   (also  shows  in  color  National 
forests,  parks,  and  other  reservations).     5  by  7  feet   (in 
sheets),  scale  1  inch  equals  37  miles.    $1.25. 

United  States  System  of  Numbered  Highways.  28  by  42  inches 
scale  1  inch  equals  78  miles.     20  cents. 


MISCELLANEOUS   PUBLICATIONS 

Bibliography  of  Highway  Planning  Reports.  30  cents. 

Construction  of  Private  Driveways   (No.  272MP).  10  cents. 

Economic  and  Statistical  Analysis  of  Highway  Construction 
Expenditures.  15  cents. 

Electrical  Equipment  on  Movable  Bridges  (No.  265T).  40  cents. 

Factual  Discussion  of  Motortruck  Operation,  Regulation,  and 
Taxation.  30  cents. 

Federal  Legislation  and  Regulations  Relating  to  Highway  Con- 
struction. 40  cents. 

Financing  of  Highways  by  Counties  and  Local  Rural  Govern- 
ments, 1931-41.  45  cents. 

Guides  to  Traffic  Safety.  10  cents. 

Highway  Accidents.  10  cents. 

Highway  Bond  Calculations.  10  cents. 

Highway  Bridge  Location.    (No.  1486D).  15  cents. 

Highway  Capacity  Manual.  65  cents. 

Highway  Needs  of  the  National  Defense  (House  Document  No. 
249).  50  cents. 

Highway  Practice  in  the  United  States  of  America.  75  cents. 

Highway  Statistics   (annual)  : 

1945,  35  cents.  1947,  45  cents.         1949,  55  cents. 

1946,  50  cents.         1948,  65  cents.         1950,  60  cents. 
Highway  Statistics,  Summary  to  1945.  40  cents. 
Highways  in  the  United  States  (nontechnical) .  15  cents. 
Highways  of  History.  25  cents. 

Identification  of  Rock  Types.  10  cents. 

Interregional  Highways  (House  Document  No.  379).  75  cents. 

Legal  Aspects  of  Controlling  Highway  Access.  15  cents. 

Local  Rural  Road  Problem.  20  cents. 

Manual  on  Uniform  Traffic  Conti'ol  Devices  for  Streets  and 
Highways.  75  cents. 

Mathematical  Theory  of  Vibration  in  Suspension  Bridges.  $1.25. 

Principles  of  Highway  Construction  as  Applied  to  Airports, 
Flight  Strips,  and  Other  Landing  Areas  for  Aircraft.  $1.75. 

Public  Control  of  Highway  Access  and  Roadside  Development. 
35  cents. 

Public  Land  Acquisition  for  Highway  Purposes.  10  cents. 

Roadside  Improvement  (No.  191MP).  10  cents. 

Selected  Bibliography  on  Highway  Finance.  55  cents. 

Specifications  for  Construction  of  Roads  and  Bridges  in  Na- 
tional Forests  and  National  Parks   (FP-41).  $1.50. 

Taxation  of  Motor  Vehicles  in  1932.  35  cents. 

Tire  Wear  and  Tire  Failures  on  Various  Road  Surfaces.  10 
cents. 

Transition  Curves  for  Highways.  $1.25. 

Single  copies  of  the  following  publications  are  available  to 
highway  engineers  and  administrators  for  official  use,  and 
nun  be  obtained  by  those  so  qualified  upon  request  addressed 
to  the  Bureau  of  Public  Roads.  They  are  not  sold  by  the 
Superintendent  of  Documents. 

Bibliography  on  Automobile  Parking  in  the  United  States. 

Bibliography  on  Highway  Lighting. 

Bibliography  on  Highway  Safety. 

Bibliography  on  Land  Acquisition  for  Public  Roads. 

Bibliography  on  Roadside  Control. 

Express  Highways  in  the  United  States:  a  Bibliography. 

Indexes  to  Public  Roads,  volumes  17-19,  22,  and  23. 

Title  Sheets  for  Public  Roads,  volumes  24,  25,  and  26. 


STATUS  OF  FEDERAL-AID  HIGHWAY  PROGRAM 

AS  OF  DECEMBER  31,   1952 

(Thousand  Dollars) 

ST  A  1  1 

UN  rRtK.lt   i 
BALANCES 

ACTIVE     PROGRAM 

A1MII1  ONLY 

PLANS  APPROVCD. 
CONSTRUCTION  NOT  STARTED 

CONSTRUCTION  UNDER  WAY 

TOTAL 

federal 
1  unds 

Miles 

Total 

Federal                     ..., 
Fund,                        M,,e5 

Total 
Cost 

Federal 

lands 

Miles 

Total 
Cost 

Federal 

Miles 

Alabama 
Arkansas 

$14, 
434 

$26,072 
2,160 
11.225 

$13,454 

l,49o 

.938 

470.7 

57.5 
334.5 

$8,142 

795 

1.133 

$4,072 
544 

583 

200.2 
16.9 
57.3 

$26,293 
6,556 

13.538 

$13,420 

3,861 
6.939 

299.5 

73.6 
296.3 

$60,507 
9,511 

25.896 

$30,946 
5,915 

13.460 

970.4 

148.0 
688.1 

California 
Colorado 
Connecticut 

9,588 
8,180 

22,824 
0,566 
4,500 

11,409 
3,622 

2,300 

110.6 

107.8 

20.3 

8,763 

2,051 

697 

4,517 

1,095 

348 

53-2 
51-9 
2.4 

95,319 

8,914 
10,886 

46,063 
4,358 
5,557 

211.4 
113.7 
'  17.0 

126,906 
17,533 
16.063 

62,049 

9,075 
8,205 

375.2 

273.4 

39.7 

Delaware 

Klnrida 
Georgia 

3,471 

9,830 

15.577 

679 
13,375 
11.958 

340 
6,719 

6,202 

.8 
177.9 
300.6 

1,061 

11,226 

8,070 

530 
5,821 
4,048 

3.3 

131.8 

94.3 

6,703 
13,804 
33,457 

3,389 

6,983 

16.020 

31.9 
230.1 
512.7 

8,443 
38,405 
53,^5 

4,259 
19,523 
26.270 

36.0 
539.8 
907.6 

Idaho 
Illinois 
Indiana 

7,370 
29,902 
19,932 

10,210 
32,962 

30,854 

6,148 
18,083 
15.820 

281.8 
309.9 
135.3 

1,893 

19,679 

8,320 

1,190 

10,172 

4.170 

47.7 
109.1 
126.4 

7,077 
53,760 
22.440 

4,556 
27,876 
12,254 

87-3 
405.9 
131.5 

19, 180 

106,401 

61.614 

11,894 
56,131 

32,244 

416.6 
824.9 
393,2 

Iowa 

Kansas 

Kentucky 

15,336 
15,311 
11.200 

10,912 

7,327 

12.868 

5,850 
3,581 

7.022 

212.5 
776.4 
193.9 

718 
5,238 
6,056 

372 
2,576 
3,224 

28.7 
466.1 
130.3 

10,587 
11,454 
13,270 

5,347 
6,159 
6,551 

459.5 

554.2 
206.2 

22,217 
24,019 
32,194 

11,569 
12,316 
16,797 

700.7 

1,796.7 

530.4 

Louisiana 
Maine 

Maryland 

9,911 

4,445 

10.769 

14,386 
6,483 

7.766 

7,191 
3,529 
3,581 

111.5 
25.3 
57.7 

4,872 

315 

1,584 

2,422 
239 
625 

33.0 

.3 

is.q 

22,922 

11,324 

9,448 

11,006 
5,317 
5,103 

137.5 
82.1 
35.2 

42,180 
18,122 
18,820 

20,619 
9,085 
9,30? 

282.0 
107.7 
108.8 

Massachusetts 

Michigan 

Minnesota 

13,274 
19,307 
16,233 

4,232 

20,492 

8,538 

2,266 

10,414 

4,764 

14.5 
361.4 

962.5 

1,158 
5,943 
1,557 

574 

2,953 

888 

3.1 
64.3 
69.6 

44,270 

56,056 

9,876 

21,104 

24,154 

5,5^9 

35.1 
242.7 
235.6 

49,660 
82,491 
19,971 

23,944 
37,521 
11,201 

52.7 

668.4 

1,267.7 

Mississippi 

Missouri 

Montana 

10,930 
17,358 
14,688 

13,174 

33,501 

8,400 

6,693 
17,139 

,■-"-"' 

470.9 
895.3 
252.9 

3,185 
7,050 
1,306 

3,525 
785 

103-5 

103.0 

16.9 

15,444 
36,986 
13,841 

8,237 

19,399 

8,312 

4o4.9 
388.6 
231.9 

31,803 
77,537 
23,547 

16,509 
40,063 
14,155 

979.3 

1,386.9 

501.7 

Nebraska 

Nevada 

New  Hnnipshire 

19,266 
6,621 
3,381 

8,771 
6,176 
4,478 

4,752 
4,868 
2,239 

418.4 

191.6 

25.8 

3,934 
725 
553 

2,535 
606 
273 

44.2 
2.5 
4.4 

9,868 
4,007 
4,373 

4,889 
3,000 
2,316 

264.2 
120.7 

25.7 

22,573 

10,908 
9,404 

12,176 
8,474 
4,828 

726.8 

314.8 

55.9 

New  Jersey 
New  Mexico 
New  York 

6,590 

8,376 

46,288 

12,074 

1,682 

84,719 

5,891 

1,076 

44,622 

40.4 

40.6 

148.6 

14,775 

1,858 

25,904 

6,855 

1,189 

12,283 

5.3 

54.4 
36.5 

28,534 

6,728 

121,244 

14,098 

4,304 

55,598 

32.2 
172.7 

401.0 

55,383 
10,268 

231,867 

26,844 

6,569 

112,503 

77.9 
267.7 
586.1 

North  Carolina 
North  Dakota 
Ohio 

15,130 

8,779 

27,150 

18,272 

4,601 

16,916 

8,913 
2,433 
8,813 

292.7 
697.8 
101.5 

6,590 
738 

0,902 

3,023 

369 

3,751 

109.4 
102.1 

2J.5 

25,534 
5,833 

84,113 

12,352 

2,955 

41,728 

426.7 
517.8 

142.7 

50,396 

11,172 

107,931 

24,288 

5,757 

54,292 

828.8 

1,317.7 

265.1 

Oklahoma 

Oregon 

Pennsylvania 

14,413 

5,852 

33.399 

10,056 

6,340 

14,288 

5,623 
3,725 

7,137 

149.2 
65.4 

•?.J-9 

5,581 

1,538 

13.135 

2,60u 

941 

6,560 

130.4 
10.5 
49.6 

20,176 
11,348 

So,  ,7_4 

10,566 

6,417 

40.170 

245.5 
161.5 
167.O 

35,813 

19,236 
108.197 

18,989 
11,083 
53,867 

525.1 

237.4 

246.5 

Rhode  Islcnd 
South  Carolina 
South  Dakota 

3,354 
8,733 
7.826 

3,793 

10,234 

4,168 

1,897 
5,487 
2.374 

29-5 
155.4 
365.1 

769 
2,279 
2,899 

384 
1,215 
1.646 

2.7 
125.3 
142.7 

18,258 
15,287 

0,2  6 

9,507 
7,843 
3.876 

26.7 
302.7 
362.0 

22,820 
27,80u 
13,275 

11,788 

14,545 

7.896 

58.9 
583.4 
869.8 

Tennessee 

Texas 

Utah 

14,224 

31,729 

3.898 

8,038 
7,851 
4.741 

3,992 
3^640 

320.8 

160.0 

68.7 

7,957 

15,672 

2.889 

3,984 
8,863 
2,102 

116.3 

376.4 

79.8 

28,832 

54,919 
9,788 

13,174 

29,124 

7,392 

291.1 
925.8 
155.1 

44,827 
78,442 
17.418 

21,150 
41,938 
13.134 

728.2 
1,462.2 

303.6 

Vermont 
Virginia 
Washington 

3,170 
12,488 
10,709 

2,863 
10,135 

6,877 

1,616 
5,030 
3,776 

28.0 

128.9 

97.2 

1,007 
5,318 
2,082 

2,609 
1,114 

7.6 

110.5 
37.4- 

6,075 

25,113 

7,844 

3,035 

11,982 

4,463 

4o.9 

200.0 

55.6 

9,945 
40,566 
16,803 

5,150 

19,621 

9,353 

7o.5 
439.4 
190.2 

West  Virginia 

Wisconsin 

Wyoming 

6,113 

16,554 

5.818 

6,467 

8,849 

615 

3,267 

5,178 

423 

33.6 

142.2 
18.6 

6,771 

3,507 

795 

J,  464 

1,884 

538 

41.6 
48.4 

18.6 

16,892 

30,909 
5,362 

8,427 

15,158 

3,573 

135.6 

351.0 

96,  C 

30,130 
43,265 

o,772 

15,158 

22,220 

4,534 

210.8 
541.6 
133.2 

Hawaii 

District  of  Columbia 

Puerto  Rico 

2,650 

4,330 
5.891 

2,457 

13,014 

9.499 

1,206 
5,686 
4,640 

5.4 

1.2 

67.1 

1,800 
1,034 

899 

471 

7.3 
3.2 

13,483 

4,895 

14,195 

6,098 
2,444 
6,790 

41.9 

•  7 

53.2 

17,740 
17,909 
24,728 

8,203 

8,130 

11,901 

54.6 

1.9 

123.5 

TOTAL 

648,160           609,462 

320,928 

10,466.1 

247,824 

12   ,7  ■',- 

3,617.2 

1,214,817 

608,813 

11,140.4 

2,072,103 

1,057,450 

25,223.7 
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Road-User  and  Property  Taxes 

on  Selected  Motor  Vehicles.  1953 


BY  THE  RESEARCH  REPORTS  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


Reported   by   EDWIN    M.   COPE,   Chief 

Highway  Statistics  Section, 

and    RICHARD   W.   MEADOWS, 

Transportation  Economist 


Faced  with  the  need  to  find  additional  funds  for  the  necessary  acceleration  of 
the  highway  improvement  program,  administrators,  economists,  and  engineers 
are  studying  all  available  and  prospective  sources  of  highway  revenue.  Highway 
finance  theories  all  seek  a  common  aim — the  equitable  levying  of  costs,  through 
taxation  or  other  means,  on  those  who  use  and  benefit  from  our  roads  and  streets. 

The  need  for  basic  factual  information  in  such  studies  is  self-evident.  In  this 
article  are  presented  data,  by  States,  on  the  State  road-user  imposts — registration 
fees  and  motor-fuel  taxes — which  furnish  the  bulk  of  the  current  income  for 
highways.  Since  direct  property  taxes  levied  on  motor  vehicles  in  many  States 
are  an  important  part  of  the  cost  of  vehicle  ownership  and  operation,  data  on  these 
taxes  are  included  even  though  they  are  not  collected  as  highway  revenue.  For 
purposes  of  comparison,  information  is  reported  separately  for  some  of  the 
commercial  vehicles  according  to  their  use  in  private  operation,  farm  service,  or 
contract  hauling. 

The  data  are  reported  for  eleven  typical  vehicles,  operating  under  uniform 
assumed  conditions,  with  tax  rates  effective  on  January  1,  1953.  Comparisons 
can  thus  be  made  of  the  taxes  paid  for  similar  vehicles  in  different  States,  for 
different  types  of  vehicles  in  the  same  State,  and  for  a  particular  vehicle  in 
different   types  of  operation. 

The  ranges  found  are  extensive,  varying  in  total  amount  paid  annually  from 
$20  to  $4,475.  The  national  average  for  a  farm  pickup  truck  is  only  $44  a  year 
(less  than  for  a  light  passenger  car),  while  for  a  six-axle  diesel  combination  in 
contract  operation  it  is  more  than  $3,000.  Annual  taxes  on  a  stake  truck  average 
$75  if  in  farm  service,  $140  in  private  use,  and  $230  in  contract  hauling  opera- 
tion. A  three-axle  combination  in  private  use,  on  the  average,  pays  $256  in 
registration  fees,  $422  in  motor-fuel  tax,  and  $164  in  property  tax. 


TODAY  there  are  44  million  automobiles 
and  more  than  9  million  trucks  and 
busses  on  the  highways — 53  million  vehicles, 
a  total  undreamed  of  10  years  ago.  Partly 
as  a  result  of  the  great  increases  in  the 
number  of  vehicles  and  partly  because  of 
enforced  neglect  of  our  highways  during 
the  war  years  and  difficulties  encountered 
since,  public  authorities,  legislatures,  and 
highway-user    groups    are    engaged    in    a 


desperate  effort  to  accelerate  the  highway 
improvement  program.  The  most  pressing 
problem  faced  is  that  of  finding  the  neces- 
sary funds.  A  considerable  amount  of 
study  has  been  given  to  highway  finance 
theories — the  increment  theory,  the  theory 
of  ability  to  pay,  the  cost  and  the  value  of 
the  service,  and  the  portion  that  should  be 
attributed  to  defense.  As  a  preliminary  to 
any  work  in  tax  theory,  there  is  need  for 


measurement  of  the  amounts  already  being 
collected  under  existing  tax  rates.  In  the 
search  for  revenue,  full  consideration  must 
be  given  to  the  burden  of  all  direct  taxes, 
including  property  taxes,  on  the  vehicle 
owner. 

The  principal  current  State  road-user 
revenues  are  derived  from  the  gasoline  tax 
and  from  registration  fees  on  motor  ve- 
hicles, but  in  some  States  a  relatively  low 
gasoline  tax  is  accompanied  by  above- 
average  registration  fees,  while  in  others, 
higher  gasoline  taxes  are  accompanied  by 
low  registration  fees.  In  Alabama  an  auto- 
mobile can  be  registered  for  $3.00  and  the 
gasoline  tax  rate  is  6  cents;  in  New  York 
State  it  costs  five  times  as  much  to  register 
the  same  automobile  but  the  gasoline  tax 
is^only  4  cents.  The  result  is  that  the  road- 
user  taxes  are  about  the  same  on  that  auto- 
mobile in  the  two  States. 

The  purpose  of  this  study  is  to  provide 
data  that  make  it  possible  to  compare  the 
total  direct  State  and  personal-property 
taxes  on  the  road  user,  as  well  as  the  yields 
from  the  individual  levies.  It  supplies  the 
needed  tool  of  direct  measurement  of  exist- 
ing taxes,  so  that  comparisons  can  be  made 
between  vehicles,  between  States,  and  be- 
tween different  services.  This  is  accom- 
plished through  presentation  of  the  amounts 
of  State  road-user  taxes  and  all  direct  per- 
sonal-property taxes  that  would  be  paid 
in  each  State  (except  Oregon)  during  one 
full  year,  at  rates  in  effect  January  1,  1953, 
for  each  of  a  group  of  vehicles  that  repre- 
sent significant  points  in  the  tax  range.  The 
study   is  similar   in   many   respects   to   the 
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one  presented  for  1950  in  Public  Roads.' 
The  1953  information  is  summarized  or 
illustrated  in  tables,  bar  charts,  and  maps. 
The  presentations  are  intended  to  be  self- 
explanatory  and  not  every  one  is  discussed 
in  detail  in  the  text. 

The  absence  of  data  for  Oregon  is  a  re- 
grettable deficiency.  At  the  time  the  study 
was  being  prepared,  the  Oregon  weight- 
distance  tax  was  subject  to  popular  referen- 
dum in  the  November  4,  1952,  general  elec- 
tion, and  even  if  approved  would  have  been 
invalidated  by  the  approval  of  a  constitu- 
tional amendment  appearing  on  the  same 
ballot.'  Since  the  imposition  of  the  Oregon 
weight-distance  law  was  contingent  upon 
both  of  these  pending  actions,  and  could 
have  been  invalidated  by  the  outcome  of 
either,  data  for  the  State  were  not  included. 
Consequently,  where  the  phrase  "all  States" 
is  used,  it  includes  the  District  of  Colum- 
bia (in  order  to  avoid  the  necessity  of 
naming  it  separately)  and  all  States  except 
Oregon.  The  absence  of  Oregon  data  ob- 
viously affects  the  ranking  of  States  ac- 
cording to  total  taxes  that  would  be  paid  on 
specific  vehicles  under  the  prescribed  con- 
ditions. If  it  had  been  possible  to  include 
data  for  Oregon,  the  ranking  of  taxes  for 
most  of  the  heavier  vehicles  would  have 
been  affected  for  all  or  nearly  all  States, 
particularly  for  vehicles  in  private,  not- 
for-hire  operation. 


The  Typical  Vehicles 

The  bases  for  registering  motor  vehicles 
vary  considerably  among  the  States.  As 
shown  in  table  1  (p.  129),  passenger  cars 
are  registered  in  some  States  on  a  flat  fee 
basis,  with  no  regard  for  other  factors. 
In  Mississippi,  at  the  other  extreme,,  a  flat 
fee  rate  is  also  in  effect  but  is  compounded 
by  consideration  of  horsepower,  gross 
weight,  and  vehicle  age.  The  variations  in 
registration  bases  are  shown  for  passenger 
cars  in  figure  1,  and  for  trucks  in  figure  2 
(p.  130).  State  gasoline  tax  rates  are  rep- 
resented in  figure  3  (p.  130). 

Eleven  vehicles  that  are  reasonably  repre- 
sentative of  the  types  and  sizes  that  com- 
prise the  vehicle  population  were  selected 
for  the  study — two  passenger  cars,  four 
single-unit  trucks,  and  five  combinations. 
Their  relative  sizes  and  axle  arrangements 
are  shown  in  silhouette  on  page  127.  Brief 
descriptions   of  the  vehicles  follow. 

Passenger  Cars: 

No.  1. — A  light-weight  club  coupe. 
No.  2. — A  medium-weight  sedan. 
Single-Unit  Trucks: 

No.  3. — A  pickup  truck  registered  for 
4,700  pounds  gross  vehicle  weight 
(commonly  called  a  "%-ton" 
truck). 


1  Stat'     road-user    and    personal-property    taxes    on 

■i  il   motor  vehicles,   1950.  by  R.  W.  Meadows  and 
S.  F.  Bielak.  Public  Roads,  vol.  26,  No.  2,  June  1950. 

2  In  the  diction,  Oregon  voters  approved  the  in- 
creased weight-distance  taxes  enacted  into  law  by  the 
1951    State   legislature. 


No.  4. — A  stake  truck  registered  for 
12,500  pounds  gross  vehicle  weight 
(commonly  called  a  "1%-ton" 
truck). 

No.  5. — A  van  registered  for  19,000 
pounds  gross  vehicle  weight  (com- 
monly called  a  "2%-ton"  truck). 

No.  6. — A  tandem-axle  dump  truck 
registered  for  40,000  pounds  gross 
vehicle  weight,  of  the  type  used  in 
hauling  coal,  building  materials, 
etc. 

Combinations: 

No.  7. — A  three-axle  tractor-semi- 
trailer registered  for  40,000  pounds 
gross  vehicle  weight,  chosen  so  that 
it  falls  within  the  maximum  length 
and  weight  limits  of  all  States. 

No.  8. — A  four-axle  tractor-semitrailer 
(tandem  axles  on  the  semitrailer), 
gasoline  powered,  and  registered 
for  50,000  pounds  gross  vehicle 
weight  (No.  9  is  the  same  vehicle, 
but  with  diesel  power). 

No.  9. — A  four-axle  tractor-semitrailer 
(tandem  axles  on  the  semitrailer), 
diesel  powered,  and  registered  for 
50,000  pounds  gross  vehicle  weight 
(No.  8  is  the  same  vehicle,  but  with 
gasoline  power) . 

No.  10. — A  five-axle  tractor-semitrailer 
(tandem  axles  on  both  units), 
registered  for  64,000  pounds  gross 
vehicle  weight. 

No.  11. — A  six-axle  truck  and  full 
trailer  combination  (tandem  axles 
on  both  units),  registered  for  72,- 
000  pounds  gross  vehicle  weight. 

The  40,000-pound  combination  (No.  7) 
would  be  permitted  to  register  and  operate 
in  all  States,  but  the  40,000-pound  tandem- 
axle  single-unit  truck  (No.  6)  would  not. 
Washington  has  a  flat  limitation  of  36,000 
pounds  on  a  truck  with  three  axles,  and 
Mississippi  has  a  limit  of  37,650  pounds  for 
such  vehicles.  Because  of  axle  spacing  and 
axle-load  limits,  the  40,000-pound  single- 
unit  truck  is  on  the  borderline  of  legality  in 
some  of  the  States  with  respect  to  registra- 
tion and  operation,  but  it  has  been  included 
in  order  to  show  that  point  in  the  tax 
schedules.  Although  the  40,000-pound  single- 
unit  truck  is  found  chiefly  in  specialized  op- 
erations, the  40,000-pound  three-axle  com- 
bination is  in  almost  universal  use  and  is 
undoubtedly  the  most  commonly  found  heavy 
unit. 

Three  States  have  size  and  weight  limita- 
tions that  prohibit  the  use  of  tractor-semi- 
trailer combinations  as  heavy  as  50,000 
pounds,  but  all  others  permit  them.  The 
limit  in  Kentucky  and  Tennessee  is  42,000 
pounds  for  any  combination  and  Pennsyl- 
vania permits  a  maximum  of  45,000  pounds 
for  tractor-semitrailers  and  62,000  pounds 
for  other  combinations. 

In  order  to  present  a  comparison  of  the 
taxes  on  vehicles  similar  in  most  respects 
except  type  of  fuel  used,  two  50,000-pound 


four-axle  combinations  are  included  in  the 
study,  one  with  a  gasoline  engine,  the  other 
with  diesel  power.  The  assumption  made 
that  the  gasoline  combination  operates  4 
miles  to  the  gallon  and  that  the  fuel  con- 
sumption rate  of  the  diesel  combination  is 
6  miles  per  gallon  is  arbitrary,  but  believed 
to  be  reasonable.  It  is  recognized  that  the 
difference  in  the  miles-per-gallon  rates  of 
two  individual  vehicles  might  fall  sub- 
stantially short  of,  or  could  exceed,  the  as- 
sumed 50-percent  differential.  (A  50-per- 
cent difference  in  consumption  may  also  be 
expressed  as  a  one-third  saving  in  fuel.) 
It  is  of  interest  that  New  York  also  assumed 
a  50-percent  differential  in  recently  increas- 
ing the  tax  on  diesel  fuel  from  4  cents  to 
6  cents  per  gallon. 

The  64,000-pound  combination  (No.  10) 
selected  is  a  five-axle,  diesel-powered,  trac- 
tor-semitrailer combination,  49  feet  long, 
that  can  be  operated  in  the  Western  States 
and  a  few  Eastern  States  that  are  not  con- 
tiguous, as  shown  in  figure  5  (p.  131).  The 
64,000-pound  combination  in  the  1950  study 
had  a  gasoline  engine,  but  the  growing  popu- 
larity of  diesel  power  for  busses  and  heavy 
trucks  dictated  the  selection  of  diesel  power 
for  both  the  64,000-pound  and  the  72,000- 
pound  combinations  in  the  present  study. 
The  72,000-pound  truck  and  full  trailer 
combination  (No.  11)  is  permitted  in  Ohio, 
Louisiana,  and  all  of  the  Western  States. 
Ohio  is  the  only  State  that  permits  vehicle 
No.  11  but  prohibits  vehicle  No.  10  (see 
fig.  5).  This  is  because  of  differences  in 
the  State's  length  limitations  for  the  two 
types  of  combinations. 

As  shown  in  figure  6,  tractor-semitrailer 
combinations  are  registered  as  single  units 
in  all  6  of  the  New  England  States,  in  12 
of  the  States  in  the  Mississippi  and  Ohio 
River  valleys,  and  in  Virginia.  In  the  re- 
mainder of  the  States,  tractor-trucks  and 
semitrailers  are  registered  as  separate  units. 
Combinations  are  considered  to  be  regis- 
tered as  single  units  where  the  fee  for  either 
the  tractor  or  the  semitrailer  is  based  on 
the  gross  weight  or  capacity  of  the  com- 
bination, even  though  in  most  of  these  States 
a  relatively  small  fee  is  also  levied  on  the 
other  unit  of  the  combination. 

In  some  States  the  registration  fee  sched- 
ule is  so  established  that  from  a  tax  stand- 
point it  is  more  economical  to  operate  a 
combination  than  a  single-unit  truck  at  a 
given  gross  vehicle  weight.  In  Montana, 
for  example,  registration  of  a  40,000-pound 
single-unit  truck  costs  $300.00,  but  the 
tractor  and  semitrailer  components  of  a 
40,000-pound  combination,  registered  sepa- 
rately, cost  only  $92.50  in  total. 

The  inclusion  or  exclusion  of  data  for  a 
given  vehicle  in  each  State  was  determined 
solely  on  the  basis  of  whether  the  vehicle 
as  specified  would  be  per-mitted  to  register 
and  operate.  Numerous  instances  were  found 
in  which  the  vehicle  or  combination  might 
be  registered,  but  could  not  legally  be  op- 
erated with  a  full  load.  In  New  York,  for 
instance,  vehicle  No.  10  could  be  registered 
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but  would  bo  permitted  to  operate  at  a  max- 
imum gross  weight  of  approximately  62,- 
000  pounds.  Consequently,  it  was  omitted 
from  the  study  even  though  it  was  eligible 
to  be  registered  for  a  slightly  smaller  gross 
weight.  Several  similar  situations  existed 
with  respect  to  the  heavy  vehicles  and  all 
were  omitted  unless  they  could  be  legally 
operated  at  the  gross  vehicle  weights  and 
sizes  specified.  Minor  adjustments  of  axle 
spacing  were  assumed  in  a  few  cases,,  how- 
ever, in  older  to  include  vehicles  that  other- 
wise were  within   the  legal  limits. 

Specifications  and  Use  Factors 

In  order  to  obtain  the  tax  data  on  a  uni- 
form basis  in  all  of  the  States,  a  detailed 
outline  of  the  specifications  of  each  of  the 
11  vehicles  selected  was  submitted  to  the 
State  authorities  in  the  latter  part  of 
1052  for  determination  of  the  specific  fees 
and  taxes  that  would  be  payable  during  a 
full  year  under  laws  existing  January  1, 
1953  (it  was  the  uncertainty  on  this  point 
that  necessitated  the  exclusion  of  Oregon). 
Table  2  (p.  129)  gives  these  specifications, 
with  the  assumed  annual  mileage  traveled, 
motor  fuel  consumed,  and  other  factors 
needed  to  compute  the  various  taxes.  The 
taxes  to  be  reported  were  the  State  road- 
user  taxes — on  motor  fuel,  on  vehicle  regis- 
tration, other  annual  vehicle  fees  closely 
related  to  registration,  and  the  applicable 
motor-carrier  taxes — and  all  direct  per- 
sonal-property taxes  levied  on  motor  ve- 
hicles at  all  levels  of  government.  The 
property  taxes  for  1953  were  to  be  esti- 
mated by  the  State  authorities  on  the  basis 
of  1952  property  valuations  and  tax  rates. 


The  same  care  that  was  taken  in  the 
selection  of  vehicles  was  taken  in  the  selec- 
tion of  use  factors.  "Average"  values  are 
not  available,  however,  for  the  mileages,  fuel 
consumption  rates,  and  earnings.  It  was 
therefore  necessary  to  assign  these  values 
arbitrarily,  but  sincere  effort  was  made  to 
select  amounts  that  are  reasonable.  The 
primary  objective  was  to  supply  specific 
factors  to  which  rates  could  be  applied  uni- 
formly in  all  States,  and  ones  that  would 
reflect  these  rates  in  a  way  that  makes  pos- 
sible valid  comparisons  between  States,  ve- 
hicles, and  services. 

In  order  to  avoid  the  complex  situations 
that  would  have  been  encountered  in  com- 
puting taxes  on  vehicles  in  interstate  op- 
eration, intrastate  use  was  specified.  With- 
out this  stipulation,  the  study  would  have 
been  impractical.  Obviously,  however,  it 
is  almost  unthinkable  that  large  combina- 
tions would  travel  entirely  in  one  State  for 
a  whole  year — particularly  in  such  States  as 
Rhode  Island,  Delaware,  or  for  that  matter, 
almost  any  of  the  smaller  States;  and  it  is 
improbable  that  their  travel  would  be  re- 
stricted to  just  one  of  the  lax-ger  States. 
However,  the  stipulation  of  intrastate  travel 
is  permissible,  even  indispensable,  when  it 
is  remembered  that  the  purpose  of  the  study 
is  to  compare  tax  rates,  rather  than  to 
select  the  most  typical  vehicles  or  the  most 
probable  amount  and  kind  of  service,  or 
the  most  probable  earnings. 

It  was  also  specified  that  the  vehicles 
had  been  operated  in  the  same  State  since 
purchased  new  in  1951.  This  made  1953 
the  third  year  of  registration,  thus  exclud- 
ing from  the  study  such  nonrecurring  taxes 


as  those  on  sales  and  titling,  and  removing 
the  vehicles  from  the  top  property-ta> 
brackets. 

Another  large  group  of  taxes  omitted  are, 
those  imposed  by  the  Federal  Governmenl 
on  gasoline,  oil,  vehicles,  and  accessories 
and  parts,  which  yielded  over  $2  billion  in 
1952.  These  are  excise  taxes,  identical  in 
nature  with  those  levied  on  tobacco,  cos- 
metics, etc.  Their  exclusion  has  no  effect 
on  the  comparisons  between  States  of  the 
data  presented  in  this  article,  since  the 
levies  are  uniform  throughout  the  nation. 

The  data  received  from  the  States  are 
presented  in  tables  4-12.  In  all  of  these 
tables  the  States  are  arranged  in  groupings 
so  as  to  permit  ready  comparison  of  data 
for  each  State  with  those  of  its  neighbors. 
The  national  averages  and  extremes  are 
shown  in  table  3.  The  averages  are  simple 
unweighted  averages  of  the  totals  for  all 
States  where  the  vehicles  are  permitted. 
In  the  case  of  property  taxes  they  are 
averages  reflecting  only  the  States  where 
such  taxes  are  levied.  Figures  10-21  por- 
tray the  data  graphically,  permitting  quick 
comparisons  of  the  several  elements  re- 
ported (pp.  143-153). 


Property  Taxes 

In  most  cases  the  property  taxes  on  motor 
vehicles  have  little  or  no  direct  relation  to 
the  use  of  highways,  and  the  revenues  from 
them  are  not  available  for  highways.  They 
are,  however,  so  closely  associated  with 
registration  fees  in  their  application  and 
their  relation  to  costs  of  operation,  and  com- 
prise   such    a    large    portion    of    the    total 


Table  3. — Average,  low,  and  high  road-user  and  property  taxes  on  selected  motor  vehicles 


Vehicle  and  service 


Passenger  car: 

Light-weight  (No.  1)... 

Medium-weight  (No.  2) 
Pickup  (No.  3): 

Farm 

Private 

Stake  truck  (No.  4): 

Farm 

Private 

Contract. .  . 
Van  (No.  5): 

Private.  ... 

Contract 

Dump  (No.  u): 

Private  

Three-axle  combination 
(No.  7): 

Private 

Contract 

Four-axle  combination, 
gasoline  (No.  8): 

Private   

Contract 

Four-axle  combination, 
diesel  (No.  !)/: 

Private  . 

Contract.  . 
Five-axle  combination, 
diesel  (No.  10): 

Private    

ract 
combination, 
I  (No.  11): 

Private 

Contraet 


Average  fee  for  all  States  ' 


Registra- 
tion fee, 
etc. 


Motor- 
fuel  tax 


$11.95 
14.67 

13.79 
16.97 

32.80 
51.07 
94.16 

104  .65 
170.12 

295  .20 


255  .83 
399.27 


342.84 
588  .37 


415.85 
657.53 


695 .69 
1.148.47 


736.19 

1 .844 .07 


$30 .36 
38.16 

20.40 
31.63 

28.99 
70.26 
117.12 

121.60 
202.72 

390.49 


421.07 
421.67 


845 .00 
845 .00 


579.05 
579 .05 


955 .07 
955 .07 


1.132.12 
1.132.12 


Total 

road-user 

taxes 


Property 
tax 


Total 


$42.31 
52.83  ■ 

34.19  I 
48.60 

61.79 
121.33 
211.28 

226.25 
372.84 

685.69 


677.50 
820.94 


1,187.84 
1 .433  .37 


956.30 
1,197.98 


1 ,465 .25 
2 .008 .03 


1 ,773  .97 
2,881.85 


$28.41 
38.45 

16.25 
23.86 

22.31 
32.96 
32.96 

75.92 
75.92 

182.68 


164.37 
164.37 


197.79 
197.79 


259.51 
259.51 


413.21 
413.21 


453  .64 
453.64 


$58  SS 
75.26 

43.67 
62.52 

74.80 
140.55 
230.51 

270.53 
417.13 

792.90 


773 .38 
916.82 


.396.52 
.552 .04 


1,112.04 
1.353.68 


1,713.18 
2 ,255 .96 


2,000.79 
3,108.67 


Lowest  fee 


Registra- 
tion fee, 
etc. 


$3.00 
3.00 

2.50 
2.50 

4.00 
10.00 
25.00 

26.00 
59.00 

50.00 


46.00 
115.00 


66.00 
130.00 


66.00 
135  .09 


101 .00 
135.00 


108  .50 
445 .00 


Motor- 
fuel  tax  ' 


$17.28 

21.72 

11.61 

18.00 

16.50 

39.99 
66.66 

69.21 
115.38 

225  .00 


240.00 
240.00 


487  .50 
487 .50 


(324.99) 
(324.99) 


(680.84) 
(680.84) 


(837.20) 
(837.20) 


Total 

road-user 

taxes 


$28.28 
32.72 

20.48 
32.00 

31.50 

81.65 

127.1.6 

142.53 
206.38 

427.00 


442.00 
442.00 


749.50 
749.50 


543 .32 
586.99 


860.84 
986.05 


1.057.20 
1,491.50 


Property 
tax1 


($5  .00) 
(8 .00) 

(5  .00) 
(5 .00) 

(5.17) 
(15.00) 
(15.00) 

(18.25) 
(18.25) 

(40.18) 


(45 .00) 
(45.00) 


(45 .00) 
(45.00) 


(45 .00) 
(45 .00) 


(45.00) 
(45.00) 


(310.79) 
(310.79) 


Total 


$28 .28 
38.96 

20.48 
44.00 

44.50 
100.99 
127.66 

160.21 
206 .38 

466.00 


442.00 
442  .00 


749.50 
749 .50 


586.99 
586.99 


1 ,031 .05 
1 .031 .05 


1,367.99 
1,560.95 


Highest  fee 


Registra- 
tion fee, 
etc. 


$29  .26 
37.26 

32  00 
34.80 

86.00 
132.50 
289.00 

285 .00 
497.50 

877.50 


640.00 
915.00 


961 .50 
1 ,824 .00 


1,524.90 
1,816.67 


2.926.40 
2,926.40 


3,427.20 
3,427.20 


Motor- 
fuel  tax 


$40.32 
50.68 

27.09 
42.00 

38.50 
93.31 
155 .54 

161.49 
269.22 

523.00 


560.00 
560.00 


1,137.50 
1.137.50 


866 .64 
866.64 


1.191.47 
1.191.47 


1,465.10 
1,465.10 


Total 

road-user 

taxes 


$66.70 
84.82 

51.34 

68.00 

113.50 
199.15 
401.54 

400.35 
766.72 

1,252.50 


1,040.00 
1,275.00 


1,637.50 
2 ,555 .25 


1,617.98 
2,304.16 


2,926.40 
3,581.29 


3,427.20 
4.320.18 


Property 
tax 


Total 


$54  .32 
74.51 

34.58 
55.06 

51.05 
77.50 
77.50 

156.16 
156.16 


$88.12 
115.71 

64.35 
94.31 

127.57 
199.15 
401 .54 

434  .88 
766.72 


471.95       1,252.50 


371.32 
371.32 


378.13 
378.13 


603 .82 
603 .82 


777.33 
777 .33 


741.23 

741 .23 


1,122.37 
1 ,284  .45 


1,767.00 
2,589.54 


1.617.98 
2,304.16 


2,926.40 
3.581.29 


3,427.20 
4,475.09 


States,  personal-property  taxes  are  not  impssed,  and  in  3  States  diesel  fuel  is  not  taxed  directly  The  average  fee;  given  are  for  the  States  where  the  respective  taxes  are  collected.  The  fees  in  parentheses 
:  the  lowest  for  the  same  States.  K 
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Table  4.— 


Road-user  and  personal-property  taxes  on  selected  passenger  vehicles  (Nos.  1  and  2) 


State 


New  England: 

Maine _ 

New  Hampshire 

Vermont 

Massachusetts 

Rhode  Island 

Connecticut 

Middle  Atlantic: 

New  York 

New  Jersey 

Pennsylvania 

Delaware 

Maryland 

District  of  Columbia 

West  Virginia 

Southeastern: 

Virginia 

North  Carolina 

South  Carolina 

Georgia 

Florida 

Kentucky 

Tennessee 

Alabama 

Mississippi 

East  Central: 

Ohio 

Indiana 

Illinois 

Michigan 

Wisconsin 

Minnesota 

Iowa 

Missouri 

Southwestern: 

Arkansas 

Louisiana 

Oklahoma 

Texas 

West  Central: 

North  Dakota 

South  Dakota 

Nebraska 

Kansas 

Mountain: 

Montana 

Idaho 

Wyoming 

Colorado 

New  Mexico 

Arizona 

Utah 

Nevada 

Pacific: 

Washington 

Oregon 

California 


Light-weight  passenger  car  (No.  1) 


Regis- 
tration 
fee 


$14.00 
14.00 
26.00 

4.50 
12.00 

7.00 

15.50 
10  00 
10.00 

8.00 
10  00 

5.00 
17.60 

10.00 

10.00 
5.00 
3.50 

15.00 
4.50 
7.50 
3.00 

10.37 

10.00 
11.00 
10  50 
10.85 
16.00 
24.80 
27.00 
11.00 

13.00 

3.00 

28.76 

11.52 

25.00 

20.00 

5.00 

10.35 

10.00 
5.00 
5.00 
5.75 

19  00 
3.50 
5.00 
5.00 

5.00 


Property 
tax 


$19.69 
14.18 


31.50 
45.28 
38.61 


5.00 
22.00 
39.78 

26.18 
27.93 
36.00 
29.28 


33.25 


18.09 
35.10 


46.78 
18.68 


17.04 
15.19 


17.47 


54.32 
38.00 


28.70 


18.90 
18.90 


28.40 
28.52 
42.79 


Other 

taxes 

and  fees 


$1.00 


.50 


1.00 


18  25 

2i'oo 


Gasoline 
tax 


$34.56 
28.80 
28.80 
28.80 
23.04 
23.04 

23.04 
17.28 
28  80 
28.80 
28.80 
28  80 
28.80 

34.56 
40.32 
40.32 
34.56 
40.32 
40.32 
40.32 
34.56 
40.32 

23.04 
23.04 
28.80 
25.92 
23.04 
28.80 
23.04 
17.28 

37.44 
40.32 
37.44 
23.04 

28.80 

2S  so 
28.80 
28.80 

34.56 
34.56 
28.80 
34.56 
34  56 
28.80 
28.80 
25.92 

37.44 


Total 


$68.25 
56.98 
54.80 
64.80 
80.32 
68.65 

38.54 
28.28 
38.80 
36.80 
43.80 
55.80 
86.18 

70.74 
78.25 
81.32 
67,34 
55.57 
78.57 
48.32 
56.40 
85.79 

33.04 
81.07 
57.98 
36.77 
39.04 
53  60 
50  04 
45.32 

65.63 
43.32 
66.70 
52.03 

53.80 
48.80 
88.12 
77.15 

73.26 
39.56 
52.70 
60.21 
53.56 
60.70 
62.32 
73.71 

60.69 


Rank  of  State 


Total 

fees  and 

taxes 


11 
24 
28 

18 

6 

13 

11 
18 
43 
15 
39 
26 
2 

12 
8 
4 

IT, 

27 

7 

37 

25 

3 

-17 
5 
23 
16 
12 
30 
35 
38 

17 
40 
If, 
34 

29 
36 

1 
9 

11 
41 
33 
22 
31 
20 
19 
10 

21 


Total. 

excluding 

property 

tax 


43 

.",7 

25 
34 
27 
6 
12 
47 

10 

21 

1 

36 

5 
13 

.'fs 
■>, 

19 

24 
in 
23 
7 
44 
39 
45 


Regis- 
tration 
fee 


$16.00 
21.15 
26  00 

6.50 
16.00 

9.00 

19.75 
16.50 
10.00 

8  00 
15.00 

8.00 
21.80 

10.00 
12.00 

6.00 

4.50 
20  00 

4.50 
10  00 

3.00 
12.62 

10.00 
12.00 
10.50 
13.30 
16.00 
33.30 
35.00 
11.00 

17.00 

3.00 

37.26 

18.72 

35.00 

25.00 

5.00 

12.80 

10.00 
5.00 
5.00 
6.80 

26  00 
3.50 
5.00 
5.00 

5.00 


Medium-weight  passenger  car  (No.  2) 


Property 
tax 


826  85 
19.33 


42  96 
54.68 
52  55 


8.00 
32  00 
53.70 

34.32 
37.48 
48.00 
40.72 


45.34 


26.80 
48.06 


62.01 
23.28 


22.05 
21.56 


22.33 


74.51 
50  00 


39.30 


25.78 

25.78 


38.80 
40.30 
60.10 


Other 

taxes 

and  fees 


$1.00 


.25 
.50 
.50 

.75 


25 


.50 


1.00 


24.00 


Gasoline 
tax 


$43.44 
36.20 
36.20 
36.20 
28  96 
28.96 

28.96 
21.72 
36  20 
36.20 
36  20 
36.20 
36.20 

43.44 
50  68 
50.68 
43.44 
50.68 
50.68 
50.68 
43.44 
50.68 

28.96 
28  96 
36.20 
32.58 
28.96 
36  20 
28.96 
21.72 

47.06 
50.68 
47  06 
28.96 

36.20 
36.20 
36  20 
36.20 

43.44 
43.44 
36.20 
43.44 
43.44 
36.20 
36.20 
32.58 

47.06 


Total 


$86.29 
76.68 
62.20 
85.66 
99.64 
90.51 

48.71 
39.22 
46.20 
44.20 
59.20 
76.20 
111.70 

87.76 
100.16 
104.68 
88.66 
70  93 
101.02 
61.18 
73.99 
111.36 

38.96 
103.22 
69.98 
45.88 
44.96 
69  50 
63.96 
54.77 

85.62 
53  68 
84.82 
70.01 

71.20 

61.20 

115.71 

99.00 

92.74 
48.44 
66.98 
77.02 
69.44 
78.50 
81.50 
97.68 

76.06 


Rank  of  State 


Total 

fees  and 

taxes 


Total 

excluding 

property 

tax 


15 
17 
12 
38 
34 
46 

26 
44 
32 
36 
24 
37 
16 

22 
11 
18 
28 
4 

19 
14 
30 
10 

45 
39 
31 
33 
35 
5 
9 
48 


20 

1 

29 

3 
13 
40 
25 

21 

27 
42 
23 
6 
43 
41 
47 


6  00 


25.92 


52.92 


32 


6.00 


27  00 


32.58 


65.58 
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taxes  paid  on  motor  vehicles  in  some  States, 
that  their  inclusion  was  necessary  in  order 
to  obtain  equitable  comparisons.  The  regis- 
tration fees  for  individual  vehicles  vary  con- 
siderably among  the  States,  and  property 
taxes  in  some  instances  greatly  exceed  the 
registration  fees  paid.  When  property  taxes 
and  registration  fees  are  considered  to- 
gether, however,  the  differences  among  the 
States  are  smaller  in  most  instances. 

In  figure  4  (p.  130)  are  shown  the  States 
in  which  State  or  local  property  taxes  are 
levied  and  the  States  in  which  registration 
fees  are  in  lieu  of  ad  valorem  or  property 
taxes.  In  this  connection  it  should  be  noted 
that  the  registration  fees  of  quite  a  few 
States  are  based  at  least  in  part  on  the  age 
or  valuation  of  the  vehicle.  Louisiana  per- 
mits local  property  taxes  to  be  levied  in 
addition  to  the  registration  fee,  but  the  ap- 
plication of  such  levies  is  not  general  in 
the  State.  The  relation  of  property  taxes 
to  registration  fees  and  total  taxes  on  motor 
vehicles  is  shown  in  tables  4—12. 

It  is  worth  noting  that  the  valuation  of 
motor  vehicles  for  tax  purposes  is  generally 


conceded  to  be  much  closer  to  market  value 
than  is  the  valuation  of  other  personal  prop- 
erty (household  furnishings,  for  instance) 
subject  to  the  same  taxes.  It  is  also  prob- 
able that  motor  vehicles  constitute  a  very 
considerable  portion  of  taxable  personal 
property  in  many  jurisdictions.  Therefore, 
although  this  study  is  not  directly  concerned 
with  personal-property  taxes  per  se,  it 
suggests  an  area  of  research  that  must  not 
be  neglected  by  those  interested  in  the  tax 
burdens  on   the  motor-vehicle  owner. 

It  will  be  seen  in  table  4  that  the  registra- 
tion fee  in  Pennsylvania  for  the  light  two- 
door  passenger  car  is  $10.00,  more  than 
twice  as  much  as  the  $4.50  shown  for  Massa- 
chusetts. In  Pennsylvania,  however,  the  fiat 
registration  fee  of  $10.00,  which  applies  to 
all  automobiles,  is  in  lieu  of  all  other  ad 
valorem  taxes,  whereas  in  Massachusetts 
vehicles  are  subject  to  property  taxes  in 
addition  to  registration  fees.  The  addition 
of  the  $31.50  property  tax  to  the  $4.50  regis- 
tration fee  yields  a  total  of  $36.00,  which 
is  3.6  times  as  much  as  the  Pennsylvania 
registration  fee  and  much  greater  than  the 


registration  fee  alone  for  any  State.  North 
Dakota  and  Vermont,  with  registration  fees 
of  $25.00  and  $26.00,  respectively,  appear  to 
be  exacting  greater  taxes  on  the  light  auto- 
mobile than  other  States.  Yet  in  neither 
of  these  States  is  there  a  property  tax  on 
motor  vehicles,  and  when  property  taxes 
and  registration  fees  are  combined,  the 
total  in  a  great  many  States  exceeds  the  fees 
in  North  Dakota  and  Vermont.  Although 
Pennsylvania,  Massachusetts,  North  Da- 
kota, and  Vermont  are  used  as  examples,  it 
may  be  seen  from  the  tables  presented  in 
this  study  that  many  other  significant  com- 
parisons can  be  made. 

Another  factor  that  demonstrates  the 
close  relation  between  registration  fees  and 
property  taxes  is  the  reduction  of  the  regis- 
tration fee  according  to  the  age  (and  value) 
of  the  vehicle,  as  may  be  seen  in  table  1. 

The  property  taxes  that  are  given  in 
tables  4-12,  for  all  except  the  farm  vehicles, 
include  all  taxes  levied  by  the  State,  county, 
city,  or  other  local  governmental  unit  in 
which  the  vehicle  is  domiciled,  and  are  the 
taxes  that  would  be  imposed  on  the  vehicles 
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Table  5.- 

—Road-user  and 

personal-property  taxes  on  a  pick 

up  truck,  4,700 

pounds 

2TOSS  vehicle  weight  (No. 

3) 

— — ^— — — — — — — — - 

Farm  service 

Private  operation 

tration 

$15.00 
2115 
26.00 

12.00 
16.50 
14    10 

23.50 
15.00 
16.50 
10.00 
12  00 
20.00 
20.00 

12.00 

10.00 
6.00 
2.50 

24  00 
4  50 
7.50 

15.00 
7.00 

16.40 
15.00 
20  00 
16  00 
5.00 
20.40 
25.00 
15.00 

12.00 
3.00 
9.60 
9.40 

20.00 
16.25 
4.00 
7.50 

11   20 

12.00 
5.00 
6.05 
15.00 
14  70 
7.50 
5.00 

9.75 

Property 
tax 

$15.63 
11.25 

Other 

taxes 

and  fees 

Gasoline 

tax 

$23  .22 
19.35 

1 9  ,  35 
19.35 
15.48 
15.48 

15.48 
11.61 
19.35 
19.35 
19  35 
19.35 
19.35 

23.22 
27.09 
27.09 
23.22 
27.09 
27.09 
27.09 
23.22 
27.09 

15.48 
15.48 
19.35 
17.42 
15  48 
19.35 
15.48 
11.61 

25.16 
27.09 
25.16 
15.48 

19  35 
19.35 
19.35 
19.35 

23.22 
23.22 
19.35 
23.22 
23.22 
19.35 
19.35 
17.42 

25.16 

Total 

$53.85 
51.75 
45.35 
56.35 
55.98 
61.76 

38.98 
27.61 
35.85 
29  35 
36.35 
56.35 
64.35 

44.82 
45.83 
44.09 
39.00 
51.34 
48.09 
35  09 
50.06 
43.60 

31.88 
62.68 
49.85 
33  42 
20.48 
39.75 
40  48 
34.90 

45.41 
30.09 
35  26 
30.05 

39.35 
35.60 
43   17 

42.85 

53.76 
35.22 
39.35 
45.27 
38 .  22 
56.65 
40.87 
57.00 

49.41 

Rank  of  State 

Regis- 
tration 
fee 

$15.00 
21.15 
26.00 
15.00 
16.50 
14.10 

23.50 
;n  in. 
16.50 
15.00 
12  00 
20.00 
20  00 

12.00 
18.80 
6  00 
2.50 
24.00 
10.00 
15.00 
15.00 
10.00 

34.80 
15  00 
20.00 
25.60 
20.00 
25.00 
25.00 
20.00 

12.00 
10.00 
20.00 
18.80 

20.00 
16.25 
8.00 
7.50 

16.00 

12.00 

5.00 

6.05 

15.00 

14.70 

7.50 

5.00 

14.50 

Property 
tax 

Other 

taxes 

and  fees 

Gasoline 
tax 

Total 

Rank  of  State 

Total 

fees  and 

taxes 

Total, 

excluding 

property 

tax 

Total 

fees  and 

taxes 

Total. 

excluding 

property 

tax 

New  England: 

9 
11 
20 

6 

8 
3 

33 
47 
36 
46 
35 
7 
1 

22 
18 
23 
32 
12 
17 
40 
13 
24 

43 
2 
14 
42 
48 
29 
28 
41 

19 
44 
38 
45 

30 
37 
25 
26 

10 
39 
31 

21 
34 

5 
27 

4 

16 

14 
5 
4 
33 
30 
37 

12 
39 
18 
38 
32 
11 
10 

22 
17 
28 
43 
1 
29 
23 
13 
25 

31 
34 

8 

27 

48 

7 

6 

42 

16 
36 
20 
44 

9 
19 
46 

40 

24 
21 
45 
35 
15 
26 
41 
47 

3 

$15.63 
1125 

$36.00 
30.00 
30.00 
30.00 
24.00 
24.00 

24.00 
18.00 
30.00 
30  00 
30.00 
30.00 
30.00 

36.00 
42.00 
42.00 
36.00 
42  00 
42.00 
42.00 
36.00 
42.00 

24.00 
24.00 
■     30.00 
27.00 
24.00 
30  00 
24.00 
18.00 

39.00 
42.00 
39  00 
24.00 

30.00 
30.00 
30.00 
30.00 

36.00 
36.00 
30.00 
36.00 
36.00 
30.00 
30.00 
27.00 

39.00 

$66.63 
62.40 
56.00 
70.00 
75.19 
70.28 

47.50 

49  00 
46.50 
45.00 
47.00 
67.00 
81.25 

68  02 
80.28 
75  00 
67.78 
66.25 
84.74 
57.50 

69  59 
81.01 

58.80 
94.31 
61  25 
52.60 
44.00 
55  00 
49.00 
55.04 

63.25 
52.00 
59  50 
55.70 

62.00 
46.25 
82,76 
62.50 

85.25 
48.00 

50  00 
58.05 
51.00 
67.30 
59.82 
66.58 

68.00 

18 
23 
32 
11 
8 
10 

43 
41 
45 
47 
44 
17 
5 

13 

7 

9 
15 
20 

3 
31 
12 

6 

29 
1 
25 
36 
48 
35 
40 
34 

21 
37 
27 
33 

24 

46 

4 

22 

2 
42 
39 
30 
38 
16 
26 
19 

14 

19 
17 
9 
33 
39 
42 

29 
25 
30 
32 
38 
23 
22 

28 

4 

27 

4] 

2 

12 

8 

16 

14 

7 
40 
21 
11 
35 
10 
24 
43 

18 

13 

5 

37 

3 
31 
44 
46 

15 
26 
47 
36 
20 
34 
46 
48 

1 

New  Hampshire 

Massachusetts 
le  Island 

25.00 
24.00 
32.18 

25,.  00 
34.69 
32.18 

Middle  Atlantic: 

Xcw  Jersey.    . . 

$1.00 

$1.00 

5.00 
17.00 
25.00 

9.60 

8.74 

11.00 

13.28 

16.00 

11   34 
9  51 

5.00 
17  00 
31.25 

20.02 
19.48 
27  00 
29.28 

32.24 

18.09 
29.01 

District  of  Columbia 

West  Virginia 

:cheastern: 

North  Carolina.  . 

1 1.  Carolina 

.25 
.50 
.50 
.50 

Florida 

.25 
.50 
.50 
.50 

East  Central: 

Ohio 

Indiana 

31.95 

10 ,  50 

25 

55.06 
11.25 

.25 

8.29 

8.25 

17.04 
12.25 

Southwestern: 

Oklahoma 

Texas 

West  Central: 

5.17 

.50 

.50 

12.90 

12.00 

Nebraska 

19.82 
16.00 

19.34 

44.76 
25.00 

33.25 

Mountain: 

Montana 

Idaho 

15.00 
15.00 

1    00 

15.00 
15.00 

22.60 
22.32 
34.58 



Colorado 

1.00 

22,60 
14,02 
34.58 

Utah 

Nevada 

Pacific: 

Washington 

14,50 

14.50 

16.00 

16.00 

17.42 

49  42 

15 

2 

16.00 

16.00 

27.00 

59  00 

28 

6 

in  the  capital  city  of  the  State.  The  prop- 
erty taxes  given  for  farm  vehicles  include 
State,  county,  and  district  or  other  property 
taxes  that  would  be  collected  in  an  average 
rural  agricultural  community  in  the  State. 
In  a  few  States  where  uniform  State-wide 
valuation  and  tax  rates  are  in  effect  in  all 
jurisdictions,  there  is  no  difference  between 
property  taxes  on  farm  vehicles  and  those 
registered  in  the  capital  city  of  the  State. 
In  two  States — California  and  Washing- 
ton— property  taxes  on  motor  vehicles  have 
been  replaced  by  "in  lieu"  taxes.  These 
taxes  have  many  characteristics  of  prop- 
erty taxes,  but  since  neither  the  levies  nor 
the  distribution  of  their  proceeds  are  di- 
rectly related  to  the  jurisdiction  in  which 
they  were  collected,  they  have  been  classified 
as  road-user  imposts.  In  both  of  these  in- 
stances the  State  courts  have  ruled  them 
not  to  be  property  taxes. 

Types  of  Service 

Distinctly  different  tax  rates  are  in  effect 
in  most  States  for  commercial  vehicles  op- 


erated privately  (not  for  hire),  as  contract 
carriers  (for  hire),  and  in  farm  service. 
Information  was  therefore  obtained,  and 
was  tabulated  separately,  for  all  vehicles 
in  private  operation,  for  the  pickup  and 
stake  trucks  (Nos.  3  and  4)  in  farm  service, 
and  for  the  stake  and  van  trucks  (Nos.  4 
and  5)  and  all  combinations  (Nos.  7-11) 
in  contract  carrier  service. 

Vehicles  in  private  operation  are  those 
used  solely  for  carrying  goods  owned  or  sold 
by  the  vehicle  owner,  with  no  direct  trans- 
portation charge. 

Contract  carriers  are  those  employed  in 
hauling  goods  for  others,  with  a  direct 
transportation  charge,  at  times  and  to 
destinations  required  by  the  jobs  for  which 
they  are  hired.  Operation  of  contract  car- 
riers is  usually  subject  to  State  franchise 
and  regulation.  Common  carriers,  which 
operate  for  hire  over  established  routes 
and  on  fixed  schedules,  are  not  included  in 
the  study  because  of  their  more  complex 
tax  schedules  and  forms  of  regulation,  and 
the  fact  that  their  operation  is  predomi- 
nantly interstate. 


The  farm  service  classification  represents 
a  reduced  registration  fee  for  farmers' 
trucks,  but  without  restriction  as  to  the 
highways  they  may  use.  This  provision, 
in  various  forms,  is  in  effect  in  22  States. 
(The  nominal  charge  imposed  as  the  sole 
registration  fee  by  some  States  for  farm 
vehicles  licensed  for  restricted  operation 
on  or  in  the  immediate  vicinity  of  the  farm 
is  not  included  in  this  study.) 

Farm  Service 

Provision  for  registration  of  farm  trucks 
at  half  the  regular  fee  for  private  trucks 
is  common  but,  as  shown  in  tables  5  and 
6,  some  States  do  not  allow  reductions  that 
great,  and  some  allow  considerably  more. 
The  reductions  for  farm  vehicles  vary  not 
only  among  the  States  but  also  vary  some- 
what for  vehicles  of  different  capacities,  as 
may  be  seen  from  a  comparison  of  figures 
7  and  8  (p.  131).  Large  numbers  of  farm 
trucks  are  in  the  lighter  groups,  and  what 
may  at  first  glance  appear  to  be  relatively 
minor  concessions  in  registration  fees  can, 
in    fact,   be   of   major    importance    from    a 
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Figure  9. — Comparison  of  private  operation  and  farm  service    registration  fees  on  a 
12.500-pound  stake  truck  (No.  4). 


revenue  standpoint,  particularly  in  pre- 
dominantly agricultural  States.  In  4  States, 
as  indicated  in  figure  8,  the  farm  classifica- 
tion allows  the  12,500-pound  stake  truck 
(No.  4)  a  reduction  of  more  than  75  per- 
cent in  registration  fee,  in  13  States  the 
reduction  is  from  50  to  75  percent,  and  in 
4  States,  it  is  less  than  50  percent.  A  com- 
parison of  the  regular  and  farm  registration 
fees  for  this  vehicle  in  each  State  is  shown 
in    figure   9. 

In  Nebraska,  the  regular  registration  fee 
for  the  12,500-pound  stake  truck  is  $60.00, 
but  a  farmer  can  register  the  same  truck 
for  $4.00.  In  Kentucky,  a  flat  fee  of  $4.50 
is  applicable  to  farm  trucks  of  22,000  pounds 
or  less,  but  a  22,000-pound  vehicle  in  pri- 
vate use  requires  a  registration  fee  of 
$134.00.  The  importance  of  these  figures 
is  underscored  by  the  fact  that  in  11151  more 
than  54  percent  of  Nebi-aska's  trucks,  and 
in  Kentucky,  over  39  percent,  were  regis- 
tered at  reduced  farm  rates.  Similar  situa- 
tions exist  in  other  States,  but  in  most  the 
reductions  are  not  as  great.  In  New  Hamp- 
shire, for  example,  a  farm  truck  of  less 
than  16,000  pounds  may  lie  registered  at  a 
flat  fee  of  $25.00,  but  since  this  is  greater 
than  the  regular  fee  of  $21.15  for  a  pickup 
truck  having  a  gross  weight  of  4,700 
pounds,  the  farm  rate  is  of  no  advantage 
to    owners    of    the    pickup.      Consequently, 


only  5.2  percent  of  the  total  truck  regis- 
trations in  New  Hampshire  are  in  the  farm 
classification. 

In  1951,  the  farm  truck  registrations 
were  more  than  half  of  all  truck  registra- 
tions in  5  States,  and  exceeded  30  percent 
in  13  States.  It  should  not  be  forgotten, 
however,  that  the  special  reduced  rates  for 
registration  of  farm  trucks  are  in  part 
compensated  for  by  the  fact  that  farm 
trucks  probably  average  fewer  miles  per 
year  than  other  trucks.  Thus  the  reductions 
are  not  as  great  on  a  cents-per-mile  basis 
as  it  might  appear  from  the  comparisons  in 
tables  5  and  6  and  in  figures  7  send  8. 

Carrier  Taxes 

In  the  consideration  of  motor-carrier 
service,  the  gross  receipts  taxes  and  other 
levies  that  are  imposed  on  general  busi- 
ness, and  not  limited  to  motor  carriers,  have 
been  eliminated.  Fees  for  authority  to  op- 
erate, and  other  fees  paid  only  at  the  time  a 
carrier  begins  to  haul  goods  for  hire,  have 
also  been  excluded. 

Care  should  be  taken  in  comparing  the 
carrier  taxes  of  the  several  States.  Many 
of  the  States  have  special  registration 
classes  for  vehicles  used  in  contract  (for- 
hire)  service.  The  fees  in  the  special  regis- 
tration classes,  in  most  cases,  are  substan- 
tially greater  than  the  registration  fees  for 


vehicles  in  private  (not-for-hire)  service. 
The  difference,  while  technically  classed  as 
part  of  the  registration  fee,  is  in  reality  a 
special  carrier  fee.  There  is,  of  course,  the 
compensating  factor  that  vehicles  in  carrier 
service  usually  can  be  expected  to  operate 
a  considerably  greater  mileage  than  those 
in  private  use,  thus  reducing  the  per-mile 
cost  of  their  registration  fees. 

The  majority  of  trucks  are  used  for  the 
ordinary  private  service  of  carrying  goods 
owned  or  sold  by  the  vehicle  owner,  and  for 
which  there  is  no  direct  transportation 
charge.  Even  these  trucks,  however,  are 
subject  to  mileage  or  other  carrier  taxes 
under  some  conditions,  and  the  variations 
in  the  tax  structures  of  the  States  made  it 
necessary  in  a  few  instances  to  make  arbi- 
trary decisions  on  the  inclusion  or  exclusion 
of  these  special  levies. 

The  general  policy  followed  was  to  in- 
clude only  the  taxes  that  have  to  be  paid 
on  almost  all  of  the  vehicles  in  a  given 
group.  For  example,  the  laws  of  some 
States  are  so  written  that  practically  all 
vehicles  of  more  than  1%  tons  (manufac- 
turer's rated  capacity)  have  to  pay  certain 
mileage  or  compensatory  taxes,  whether  in 
private  or  contract  operation.  In  the  same 
States  many  vehicles  of  1%-ton  capacity  or 
less  are  not  subject  to  the  tax.  In  such  a 
case  the  tax  has  been  shown  only  for  the 
heavier  vehicles.  It  should  be  remembered 
that  the  purpose  of  the  study  is  to  present 
a  comparison  of  tax  rates  and  burdens  on 
certain  typical  vehicles  rather  than  to  in- 
clude all  taxes  on  all  vehicles.  Undoubtedly 
many  of  the  larger  trucks  traveling  in  inter- 
state commerce  are  subject  to  greater  taxes 
than  are  reported  in  this  study,  and  are 
also  subject  to  additional  restrictions  and 
regulations.  The  larger  units  apparently 
have  certain  offsetting  economic  advantages, 
however,  or  they  would  not  be  in  use. 

Mileage  Taxes 

The  classification  and  treatment  of  mile- 
age taxes  is  something  of  a  problem.  His- 
torically, road-user  taxes  have  been  classed 
by  most  authorities  into  three  major  groups. 
The  first  and  most  important  of  these  con- 
sists of  fuel  taxes  and  miscellaneous  fees 
incidental  to  fuel  taxation.  The  second 
major  group  of  taxes,  usually  termed  motor- 
vehicle  revenues,  consists  of  motor-vehicle 
registration  fees  and  a  group  of  additional 
fees,  some  of  which  are  not  paid  annually, 
that  include  title  fees,  drivers'  licenses,  and 
other  revenues  of  relatively  minor  impor- 
tance. The  third  group  of  road-user  reve- 
nues, motor-carrier  taxes,  consists  of  spe- 
cial taxes  on  for-hire  carriers. 

These  three  groups  have  in  the  past 
afforded  adequate  classification  of  road-user 
revenues,  although  there  are  borderline  in- 
stances in  which  there  was  considerable 
question  as  to  proper  classification.  Most 
common  among  these,  of  course,  is  the  an- 
nual registration  fee  in  States  that  levy 
higher  plate  fees  on  for-hire  carriers.  Should 
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Table  7— Road-user  and  personal-property  taxes  on  a  single-unit  van  truck,  19,000  pounds  gross  vehicle  weight  (No.  5) 


State 


New  England: 

Maine 

New  Hampshire 

Vermont 

Massachusetts 

Rhode  Island 

Connecticut 

Middle  Atlantic: 

New  York 

New  Jersey 

Pennsylvania 

Delaware 

Maryland 

District  of  Columbia. 

West  Virginia 

Southeastern: 

Virginia 

North  Carolina 

South  Carolina 

Georgia 

Florida 

Kentucky 

Tennessee 

Alabama 

Mississippi 

East  Central: 

Ohio 

Indiana 

Illinois 

Michigan 

Wisconsin 

Minnesota 

Iowa 

Missouri 

Southwestern: 

Arkansas 

Louisiana 

Oklahoma 

Texas 

West  Central: 

North  Dakota 

South  Dakota 

Nebraska 

Kansas 

Mountain: 

Montana 

Idaho. 

Wyoming 

Colorado 

New  Mexico 

Arizona 

Utah 

Nevada 

Pacific: 

Washington 

Oregon 

California 


Regis- 
tration 
fee 


$125.00 

114.00 

199.50 

57.00 

54.00 

57.00 

95.00 
90.00 
96.00 
71.00 
100.00 
65.00 
84.50 

45.60 

152.00 

126.00 

50.00 

86.00 

112.00 

80.00 

50.00 

94.00 

168.80 

50.00 

159  .00 

129.00 

185.00 

80.00 

190.00 

80.00 

67.00 
120.00 
145.00 
133.00 

44.00 
100.00 
100.00 
100.00 

50.00 
60.  CO 
50.00 
25.00 
78.00 
68.00 
70.00 
38.70 

75.00 


Prop- 
erty 
tax 


$60.74 
43.73 


97.18 
114.00 
111.17 


35.00 
56.50 
121.48 

66.00 
55  00 
88.00 

74.58 


97.93 


43.50 
54.19 


156.16 
18.25 


30.08 
32.10 


42.22 


134.56 
60.00 


99.11 


58.31 
58.31 


87.40 
91.14 
139.06 


Private  operation 


Other 

taxes 

and  fees 


$00   (in 
1.00 


25 


50 


30.00 
185.00 


23  75 


1.00 


153.30 

45.25 

"o6'66 


Gasoline 
tax 


$138.42 
115.35 
115.35 
115.35 
92.28 
92.28 

92.28 
69.21 
115.35 
115.35 
115.35 
115.35 
115.35 

138.42 
161.49 
161.49 
138.42 
161.49 
161.49 
161.49 
138.42 
161.49 

92.28 

92.28 

115.35 

103.82 

92.28 

115.35 

92.28 

69.21 

149.96 

161.49 

149.96 

92.28 

115  35 
115.35 
115  35 
115.35 

138.42 
138.42 
115.35 
138.42 
138.42 
115.35 
115.35 
103.82 

149.96 


Total 


$324.16 
273.08 
314.85 
269.53 
260.28 
260.45 

277.28 
160.21 
211.35 
186.35 
250.35 
236 . 85 
321.33 

250.02 
368.49 
375.49 
263.00 
247.74 
372.17 
241.99 
232.42 
309.68 

261.08 
298.69 
292.60 
232.82 
277.28 
195.35 
282.28 
179.29 

249.06 
281.49 
295.46 
267.50 

189.35 
400.35 
349.91 
299.10 

287.53 
198.42 
223.66 
222.73 
216.42 
270.75 
276.49 
434.88 

270.21 


Rank  of  State 


Total 

fees  and 

taxes 


31 

5 

3 

26 

33 

4 

34 

37 

10 

27 
12 
14 
36 
19 
44 
16 
47 

32 
17 
13 
25 

45 
2 
6 

11 

15 
43 
39 
40 
41 
22 
20 
1 

23 


Total, 

exel. 

prop. 

tax 


II 
28 
36 
26 

in 
29 

38 
3 
6 
34 
17 
12 
is 
33 
16 

15 

is 
11 
20 
10 
31 
7 
li, 

24 
8 
5 

23 


Contract  carrier 


Regis- 
tration 
fee 


$125.00 
114.00 
199.50 
57.00 
54.00 
57.00 

95.00 
90.00 
96.00 
71.00 
100.00 
65.00 
84.50 

45.60 
266.00 
126.00 
100.00 
246.75 

45.00 
140.00 

50.00 
187.00 

168.80 

50.00 

159.00 

129.00 

185.00 

80.00 

190.00 

80.00 

67.00 
240.00 
145.00 
133.00 


32  44.00 

1  100  00 

27  100.00 

19  100.00 


50.00 
CI  I  (III 
50  (HI 
25.00 
39.00 
68.00 
70.00 
38.70 

75.00 


Prop- 
erty 
tax 


$60.74 
43.73 


97.18 
114  00 
111.17 


35.00 
56.50 
121.48 

66.00 

55.00 
88  00 

74.58 


97.93 


43.50 
54.19 


156.16 
18.25 


30.08 
32 .  10 


42.22 


134.56 
60.00 


99.11 


Other 

taxes 

and  fees 


58.31 
58.31 


87.40 
91.14 
139.06 


$1.00 


.25 


Carrier 

taxes 

and  fees 


.50 


30.00 
185.00 


1.00 


45.25 


$5.00 
2.00 


5.00 
5.00 
5.00 

150.00 

"02.60 


23.50 
230.00 


100.00 
25.00 

250.50 

121.00 
12.50 

126.00 
13.00 

20.00 
12.00 


50  00 

190.00 

7.50 

5.00 

25.00 


10.00 

'iil 66 

50.00 

10.00 

10.00 

118.75 

67.50 


115.31 
142.00 
125.00 
287.50 


153.30 

18.00 

'325.00 


Gasoline 
tax 


$230.76 
192.30 
192.30 
192.30 
153.84 
153.84 

153.84 
115.38 
192.30 
192.30 
192.30 
192.30 
192.30 

230.76 
269.22 
269.22 
230.76 
269.22 
269.22 
269.22 
230.76 
269.22 

153.84 
153.84 
192.30 
173.07 
153.84 
192.30 
153.84 
115.38 

249.99 
269.22 
249.99 
153.84 

192.30 
192.30 
192.30 
192.30 

230.76 
230.76 
192.30 
230.76 
230.76 
192.30 
192.30 
173.07 

249.99 


Total 


$421.50 
352.03 
391  80 
351.48 
326.84 
327.01 

398.84 
206.38 
380.30 
263.30 
327.30 
313.80 
421.78 

572.36 
590.22 
583.22 
430.34 
766.72 
533.65 
422 . 22 
450.76 
523 .41 

342.64 
372.25 
369 . 55 
352.07 
528.84 
279.80 
348.84 
250.46 

349.09 
519.22 
395.49 
340.06 

316.30 
487.30 
436.86 
471.05 

447  .37 
290.76 
415.92 
457.07 
394.76 
635.20 
353  44 
504 .  13 

388.24 


Rank  of  State 


Total 
fees  and 

taxes 


21 
33 
26 
34 

11 

to 

23 
>s 
28 
46 
39 
13 
20 

6 

4 

5 

18 

1 

7 

19 

15 

9 

37 
29 
30 
32 
8 
15 
36 
17 

35 
in 
24 
38 

12 

12 

17 
13 

16 

II 
22 
L4 

25 

2 

31 

I  I 

27 


Total, 
excl. 
prop, 
tax 


23 
33 
19 
43 
47 
46 

15 
48 
21 
40 
37 
42 
35 

7 

4 

8 

25 

1 

11 

12 

14 

10 

30 
45 
27 
26 
5 
39 
28 
44 

31 

6 

17 

36 

32 

9 

34 

13 

29 
38 
24 
16 
18 
3 
41 
22 

20 


66.00 


103.82 


225.82 


38 


22        66.00 


56  00 


173.07 


620.07 


the  difference  between  the  registration  fee 
in  private  operation  and  for-hire  operation 
be  classed  as  a  carrier  tax?  It  has  not 
been  in  the  past,  under  the  theory  that 
carriers'  vehicles  as  a  rule  can  be  expected 
to  operate  more  miles  than  vehicles  in  pri- 
vate operation,  and  that  the  higher  registra- 
tion fee  for  carriers'  vehicles  serves  as  an 
adjustment  for  the  greater  mileage. 

Another  instance  of  borderline  classifica- 
tion is  the  special  fee  charged  to  diesel- 
powered  vehicles  in  the  States  that  do  not 
tax  diesel  fuel.  An  argument  can  be  made 
for  classification  of  these  additional  regis- 
tration fees  as  fuel  taxes.  But  the  impor- 
tant point  is  the  fairness  of  the  State's  tax 
system,  and  this  is  judged  primarily  on  the 
total  taxes  levied  on  any  vehicle,  provided, 
of  course,  that  the  methods  of  reporting  or 
collecting  the  tax  do  not  in  themselves  im- 
pose additional  burdens  of  record  keeping 
or  other  requirements  not  reflected  in  the 
actual  amounts  of  taxes  paid. 

We  may  be  witnessing  the  development 
of  a  field  of  highway  taxation — mileage  and 
ton-mile   taxes — that  should   not  be   placed 


in  any  of  the  three  historical  groups.  It 
does  not  appear  that  the  mileage  taxes  in 
Idaho,  New  York,  and  Oregon  can  be  classed 
as  fuel  taxes,  as  registration  fees,  or  as 
carrier  taxes.  They  are  avowed  attempts  to 
obtain  specific  amounts  of  revenues  based 
almost  entirely  on  the  vehicles  and  their 
use  and  make  no  distinction  between  opera- 
tion for  profit  as  a  transportation  facility, 
and  operation  incidental  to  the  conduct  of 
any  other  enterprise.  It  is  not  suggested 
at  present  that  a  separate  classification  of 
mileage  taxes  be  established,  but  it  is  time 
to  put  forth  the  question  for  discussion. 
Several  States  have  shown  great  interest 
in  mileage  taxes  and,  if  the  movement 
spreads,  those  interested  in  highway  finance 
will  be  required  to  give  it  considerable  at- 
tention. 

Mileage  taxes  may  prove  to  have  two 
great  advantages:  They  should  yield  con- 
siderable amounts  of  revenue,  and  they 
should,  in  theory  at  least,  be  imposed  at 
rates  that  measure  value  of  service  received, 
to  be  applied  toward  the  costs  of  providing 
the  service.      Undoubtedly   the   mileage   tax 


will  also  prove  to  have  at  least  two  major 
offsetting  disadvantages.  The  most  impor- 
tant of  these  from  the  States'  point  of  view 
is  the  cost  of  administration:  The  cost  of 
establishing  and  maintaining  complete  rec- 
ords, weight  stations,  and  enforcement  staff 
will  make  any  State  considering  a  mileage 
tax  look  twice.  For  the  vehicle  owner,  the 
maintenance  of  records  for  filing  of  reports 
necessary  under  a  mileage  tax  will  cer- 
tainly constitute  a  substantial  burden  over 
and  above  the  actual  amount  of  tax  paid. 

Administration  and  Application 

While  this  study  is  based  primarily  on 
legislation,  it  is  necessary  to  call  attention 
to  administration  and  enforcement  as  they 
affect  vehicle  taxation.  The  interpretation 
and  application  of  road-user  taxes  in  one 
State  as  compared  to  another  with  similar 
tax  laws  might  easily  result  in  substantial 
tax  differences  on  similar  vehicles  in  similar 
service.  Rigid  insistence  that  vehicles  be 
registered  for  the  full  weights  they  carry 
(not  to  be   confused   with    size   and   weight 
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Table  8. — Road-user  and   personal-property  taxes  on  a  single-unit,  three-axle  dump  truck, 
40,000  pounds  gross  vehicle  weight  (No.  6) 


Private  operation 

Registra- 
tion fee 

$300.00 
240.00 
420.00 
120.00 
127.00 
200.00 

200.00 
240.00 
250  00 
155  00 
200.00 
150.00 
242.00 

180.00 
320.00 

351    Oil 
50.00 
189  ,00 
350  00 
275,00 
50.00 

Property 
tax 

Other 

taxes  and 

fees 

Gasoline 
tax 

Total 

Rank  of  State 

Total 

fees  and 

taxes 

11 
30 
18 
29 
34 
25 

35 
46 
41 
45 
40 
39 
10 

20 
6 

4 
33 
32 

3 
17 
43 

Total, 

excluding 

property 

tax 

New  England: 

$140.88 
101.43 

$450.00 
375.00 
375.00 
375.00 
300.00 
300.00 

300.00 
225.00 
375.00 
375.00 
375  00 
375.00 
375.00 

450.00 
525.00 
525.00 
450.00 
525  00 
525.00 
525.00 
450.00 

$890.88 
716.43 
795.00 
720.40 
692  00 
757.86 

687.50 
466.00 
625  00 
530.00 
625.00 
657.00 
898.75 

780.48 

1  ,010.67 

1  ,085.00 

706.24 

714.25 

1  .102  84 

800 . 50 

602.34 

15 
31 
11 
44 
46 
42 

23 
45 
28 
35 
33 
39 
30 

27 

7 

4 

43 

21 

5 

10 

40 

225.40 
265.00 

257   86 

Middle  Atlantic: 

$187.50 
1.00 

New  Jersey    . 

Maryland 

District  of  Columbia 

50.00 
132.00 
281.75 

150.48 
165.67 
209.00 
206.24 

Southeastern: 

Georgia 

Florida    . 

Kentucky 

.25 

.75 
.50 
.50 

227.09 

101  84 

Kast  Central: 

Ohio 

492 . 25 
2.30  00 
610.00 
378.00 
460.00 
350.00 
465.00 
300  00 

200  00 
200  00 
395  00 
360.00 

400  00 
412  50 
220.00 
250  00 

300.00 

300.00 
300  00 
375.00 
337 . 50 
300  00 
375.00 
300  00 
225.00 

487.50 
525  00 
487.50 
300.00 

375.00 
375  00 
375.00 
375.00 

450.00 
450  00 
375.00 
450.00 
150   00 
375.00 
375  00 
337  50 

792.25 
972.20 
1  .071.25 
715.50 
760  00 
725.00 
765.00 
573.12 

727.68 
725.00 
883.00 
763.17 

875.00 

1  ,252.50 

948.46 

865  00 

980.84 
844.20 
660 .  24 
661.24 
622.50 
766.30 
S17   32 
1  .143.10 

19 
8 
5 
31 
24 
28 
22 
44 

26 
27 
12 
23 

13 
1 

9 
14 

7 
16 
38 
37 
42 
21 
15 

2 

12 
41 
2 
20 
14 
19 
13 
37 

22 

18 

3 

26 

6 
1 

32 
17 

16 
8 
38 
36 
29 
34 
24 
9 

471.95 
56  25 

.25 

Michigan 

Wisconsin 

48.12 
40.18 

Southwestern: 

.50 

Texas 

West  Central: 

North  Dakota    .               

South  Dakota 

Nebraska 

Kansas 

Mountain: 

103 . 17 

100  00 
465  00 

353  46 
140.00 

230.84 

100.00 

394.20 
1   00 

150  00 
75  00 
172.50 

188  50 

295  00 

85  05 

135.24 
135.24 

Colorado 

New  Mexico 

Arizona 

202.80 
177.32 
322.55 

Utah 

Nevada 

Pacific: 

398.00 

California 

206.00 

126.00 

337.50 

669 . 50 

36 

25 

limit  enforcement),  would  undoubtedly  in- 
crease the  registration  revenues  of  some 
States.  Practices  are  understood  to  vary 
considerably  in  this  respect.  It  is  neces- 
sary, therefore,  that  any  careful  comparison 
of  road-user  taxes  be  accompanied  by  a 
close  examination  of  practices  and  interpre- 
tations in  the  application  of  existing  sta- 
tutes. The  data  presented  in  this  study 
make  no  allowances  for  such  differences. 

The  payment  of  motor-fuel  taxes  is 
another  item  that  merits  close  examination. 
Practically  all  persons  familiar  with  high- 
way finance  agree  that  some  of  the  gasoline 
used  on  the  highways  escapes  taxation  (by 
means  of  refunded  taxes),  and  that  the 
amounts  vary  greatly  between  States.  There 
is  no  way  of  knowing  how  much  revenue 
escapes  through  excessive  refund  claims, 
but  it  is  probable  that  the  total  is  consider- 
able. 

For  example,  the  stipulation  in  this  study 
for  the  light-weight  automobile  is  9,500 
miles  of  annual  travel  at  16.5  miles  per 
gallon,   with   total   gasoline  consumption   of 


576  gallons  for  the  year.  Yet  the  average 
for  all  vehicles  in  one  State  was  less  than 
500  taxed  gallons  in  both  1950  and  1951. 
Traffic  counts  and  other  information  indi- 
cate that  the  residents  operate  their  vehicles 
about  as  much  as  residents  of  other  States. 
In  view  of  the  amazing  "fuel  economy"  of 
their  vehicles,  it  appears  that  taxation  of 
ownership,  as  distinguished  from  taxation 
of  use,  is  a  surer  source  of  revenue  under 
such  conditions.  (The  State  legislature  ap- 
parently made  this  deduction  some  time 
ago,  and  imposed  registration  fees  of  $25.00 
and  $35.00  on  light  and  medium-weight 
passenger  cars,  respectively,  and  eliminated 
reductions  for  farm  trucks.) 

Another  subject  for  scrutiny  is  the  col- 
lection of  diesel-fuel  taxes.  There  are 
numerous  ways  of  avoiding  or  evading  the 
tax  on  diesel  fuel,  and  the  State  authorities 
charged  with  collecting  it  are  in  practically 
unanimous  agreement  that  a  considerable 
amount  escapes  taxation  or  is  uncollectible. 
These  authorities  feel,  however,  that  the 
situation   is   improving. 


Summary  of  Comparisons 

The  foregoing  discussion  concerns  gen- 
eral subjects  rather  than  specific  vehicles, 
except  for  the  remarks  on  farm  rates.  It 
is  impractical  to  include  in  this  report  a 
full  discussion  of  each  of  the  tables  and 
charts  presented,  but  there  are  comparisons 
and  items  of  special  interest  that  do  merit 
being  called  to  attention  in  connection  with 
each  of  the  vehicles. 

Vehicle  No.  1,  light-weight  passenger  car 
(table  4;  fig.  12). — Registration  fees  for  the 
light-weight  passenger  car  range  from 
$3.00  to  $28.76,  total  road-user  taxes  from 
$28.2.8  to  $66.70.  Since  this  vehicle  is  as- 
sumed to  use  576  gallons  of  gasoline  a  year, 
each  cent  of  a  State's  gasoline  tax  rate 
amounts  to  a  levy  of  $5.76  during  the  course 
of  a  year,  or  11  cents  a  week.  The  lowest 
gasoline  tax  rate  costs  the  owner  of  the 
light  passenger  car  33  cents  a  week,  the 
highest  about  78  cents  a  week. 

There  are  15  States  with  property  taxes 
alone  that  exceed  the  total  road-user  taxes 
paid  in  the  lowest  State.  (The  property 
taxes  shown  on  these  vehicles  are  for  the 
State  capitals,  however,  and  undoubtedly 
exceed  the  averages  for  the  States  in  most 
cases.) 

There  are  25  States  in  which  the  total 
road-user  taxes  on  this  light  automobile 
amount  to  less  than  $40  a  year,  or  80  cents 
a  week.  In  11  of  the  States,  road-user 
taxes  amount  to  between  $40  and  $50,  and  in 
10  States  they  are  between  $50  and  $60. 
In  only  two  States  do  they  exceed  $60. 

Vehicle  No.  2,  medium-weight  passenger 
car  (table  4). — The  medium-  and  light- 
weight passenger  cars  are  representative  of 
far  more  than  half  of  all  vehicles  on  the 
highways.  Although  the  taxation  of  auto- 
mobiles probably  receives  less  attention  than 
the  taxation  of  heavier  commercial  units, 
automobiles,  because  of  their  vast  numbers, 
contribute  substantially  more  in  road-user 
taxes. 

There  are  not  great  differences  between 
the  road-user  taxes  on  light  automobiles 
and  those  of  medium  weight.  The  registra- 
tion fees  for  this  vehicle  range  from  $3.00 
to  $37.26.  The  $37.26  fee  applies  in  Okla- 
homa and  this  registration  fee  combined 
with  a  6.5-cent  gasoline  tax  makes  the  total 
road-user  taxes  $84.82,  the  highest  for  this 
vehicle  in  any  State.  However,  there  is  no 
property  tax  on  motor  vehicles  in  Oklahoma 
and  if  property  taxes  are  included  for 
States  in  which  they  are  imposed,  Oklahoma 
ranks  18th  in  total  fees  and  taxes.  Ne- 
braska, on  the  other  hand,  with  a  $5.00 
registration  fee  and  a  5-cent  gasoline  tax, 
obtains  a  total  of  $41.20  in  road-user  taxes 
on  the  medium-weight  sedan,  and  ranks 
40th  among  the  States.  If  the  property  tax 
of  $74.51  is  added,  however,  the  total  be- 
comes $115.71,  the  highest  in  any  State. 

Vehicle  No.  3,  pickup  truck  (table  5;  fig. 
13). — The  registration  fees  for  the  pickup 
truck  in  private  use  are  slightly  higher  than 
those  on  passenger  cars  in  most  States. 
However,  large   numbers  of  pickup  trucks 
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are  registered  at  reduced  farm  rates.  The 
lowest  registration  fee  on  any  vehicle 
covered  in  the  study,  $2.50,  applies  to  pickup 
trucks  in  Georgia  regardless  of  whether 
they  are  in  farm  or  private  service,  j  The 
highest  registration  fee  on  the  pickup  truck, 
$34.80,  was  found  in  Ohio.  It  is  probable 
that  pickup  trucks  outnumber  other  trucks 
in  many  States.  Consequently,  although 
the  total  taxes  on  each  pickup  are  relatively 
small  compared  to  taxes  on  heavier  vehicles, 
the  large  number  of  pickups  makes  this  an 
extremely  important  category  from  a  rev- 
enue standpoint. 

Vehicle  No.  U,  stake  truck,  12,500  pounds 
gross  vehicle  weight  (table  6;  fig.  14). — 
Vehicles  in  the  12,500-pound  group  are  sub- 
ject to  registration  fees  that  in  some  States 
break  away  rather  sharply  from  the  fees 
charged  on  automobiles  and  pickup  trucks, 
although  this  is  not  true  in  all  cases.  The 
stake  truck  may  be  registered  in  Wyoming 
for  $15.00,  in  Colorado  for  $17.50,  and  in 
Virginia  for  $19.50.  In  Vermont  and  Wis- 
consin, however,  the  fees  are  $118.75  and 
$110.00,  respectively,  for  registration  in  pri- 
vate service.  The  farm  rates,  as  discussed 
elsewhere,  offer  vehicles  substantial  reduc- 
tions in  many  States,  including  Vermont 
and  Wisconsin. 

In  contrast  to  the  heavier  trucks,  there 
are  large  numbers  of  vehicles  registered 
in  the  approximate  weight  range  repre- 
sented by  this  12,500-pound  unit  (the  group 
commonly  classed  as  "1%-ton"). 

Vehicle  No.  5,  van  truck,  19,000  pounds 
gross  vehicle  weight  (table  7;  fig.  15). — 
The  lowest  registration  fee  on  the  19,000- 
pound  van  truck,  $25.00,  is  found  in  Colo- 
rado, and  the  highest,  $199.50,  is  found  in 
Vermont.  Although  this  van  can  be  regis- 
tered in  South  Dakota  for  $100.00  (slightly 
below  the  average  of  $104.65  for  all  States) 
the  inclusion  of  the  mileage  tax  of  $185.00 
in  South  Dakota  makes  a  total  of  $400.35  in 
road-user  taxes,  the  highest  found  in  any 
State  on  this  vehicle. 

Vehicle  No.  6,  1,0,000-pound  dump  truck 
(table  8;  fig.  16).— The  40,000-pound  dump 
truck,  with  perhaps  minor  adjustments  of 
axle  spacing,  would  be  permitted  to  operate 
in  all  States  except  Mississippi  and  Wash- 
ington. (Its  axle  spacing  and  loading  are 
representative  of  concrete  transit-mix  and 
other  special  equipment.)  The  lowest  regis- 
tration fees  on  this  vehicle  are  $50.00  in 
Alabama  and  Georgia  and  $75.00  in  Colo- 
rado. These  are  the  only  States  that  still 
register  trucks  on  the  basis  of  manufac- 
turer's rated  capacity.  The  highest  fee, 
?640.00,  is  found  in  Illinois,  and  the  average 
for  all  States  is  $295.20.  Although  the 
Illinois  registration  fee  is  higher  than  that 
of  any  other  State  on  this  vehicle,  the  total 
road-user  taxes  on  it  would  be  greater  in 
South  Dakota,  where  the  mileage  tax  ap- 
plies. 

Vehicle  No.  7,  1,0,000-pound  combination 
(table  10;  fig.  17).— The  40,000-pound  com- 
bination is  typical  of  the  largest  group  of 
combinations,  and  is  found  in  substantial 
numbers  even  where  much  heavier  vehicles 


Table    9. — Road-user    and    personal-property    taxes    on    the    tractor   and    the    semitrailer    of 
a  three-axle  combination,  40,000  pounds  gross  vehicle  weight  (No.  7),  in  private  operation 


Stati 


New  England: 

Maine 

New  Hampshire 

Vermont 

Massachusetts 

Rhode  Island 

Connecticut 

Middle  Atlantic: 

New  York 

New  Jersey 

Pennsylvania 

Delaware 

Maryland 

District  of  Columbia. 

West  Virginia 

Southeastern: 

Virginia  

North  Carolina 

South  Carolina 

Georgia 

Florida 

Kentucky 

Tennessee 

Alabama 

Mississippi 

East  Central: 

Ohio 

Indiana 

Illinois 

Michigan 

Wisconsin 

Minnesota 

Iowa 

Missouri 

Southwestern: 

Arkansas 

Louisiana 

Oklahoma 

Texas 

West  Central : 

North  Dakota. . 

South  Dakota    . 

Nebraska 

Kansas 

Mountain: 

Montana 

Idaho 

Wyoming 

Colorado 

New  Mexico • 

Arizona 

Utah 

Nevada 

Pacific: 

Washington • 

Oregon 

California 


Tractor-truck 


Regis- 
tration 
fee 


$300.00 
240  00 
420  00 
120  00 
127.00 
200.00 

88.25 
110.00 
120.00 
83  00 
35.00 
65.00 
227.00 

30  00 

160  00 

66  00 

20.00 

88.00 

350.00 

275  00 

50  00 

271.00 

177.20 
190.00 
640.00 
154.00 
60.00 
350.00 
435.00 
300.00 

200.00 
140  00 
65.00 
154.00 

400.00 

162.50 

240.00 

30  00 

60.00 
65.00 
50  00 
25  00 
88.50 
69.50 
70  00 
39.60 

105  00 


66  00 


Prop- 
erty tax 


$76  28 
94.52 


122  04 
144.00 
240.29 


30.00 
75.50 
152.55 

82.28 

72.28 

100  00 

52.16 


122.96 


50  25 

61.86 


204 . 75 
78.75 


32.08 
34  .  56 


56.00 


160.76 
83.00 


124.82 


73  .  22 
73.22 


109.80 

91.76 

174  64 


Other 

taxes 

and  fees 


$370.00 
1.00 


25 


.50 


1(10   (III 
215.00 


2(111    (Hi 


1.00 


156.40 
46.25 
71.00 


Gaso- 
line tax 


$480.00 
400  00 
400.00 
400.00 
320.00 
320.00 

320.00 
240.00 
400.00 
400.00 
400.00 
400.00 
400.00 

ISO  (III 

560.00 
560.00 
480.00 
560.00 
560.00 
560.00 
480.00 
560.00 

320.00 
320.00 
400.00 
360.00 
320.00 
400.00 
320.00 
240.00 

520.00 
560.00 
520.00 
320.00 

400.00 
400.00 
400.00 
400.00 

480.00 
480.00 
400.00 
480.00 
480.00 
400.00 
400.00 
360.00 

520.00 


360.00 


Total 


$856 . 28 
734.52 
820.00 
642.04 
591 .00 
760 . 29 

778.25 
351 .00 
520  00 
483 .00 
465.00 
540.50 
779.55 

592.28 
792.28 
726.00 
552.16 
648.25 
1  ,033  71 
835 . 50 
580.75 
892.86 

497.20 
715.00 
1  .118.75 
514.00 
380.00 
750.00 
755.00 
572.08 

754.56 
700.00 
585.50 
530.00 

900.00 
777.50 
800.76 
713.00 

664 . 82 
545.00 
523.22 
579 . 22 
568  50 
579.30 
561  76 
730.64 

671.25 

497.00 


Semitrailer 


Regis- 
tration 
fee 


$5.00 


15.00 
2  00 
2.00 


90.00 
90.00 
75.00 
67  00 
100.00 
50.00 
15.00 

150.00 
160.00 
96  00 
100.00 
109 . 50 


25  00 
11.00 


135.20 
25.00 


127.75 

167.50 

10.00 

60.00 

7.00 

5.00 
120.00 
295.00 
117.00 


60  00 

1.00 

100.00 

32.50 
54  00 
40.00 
20.00 
74.00 
50.95 
90.00 
32.85 

55.00 

81.66 


Prop- 
erty tax 


$75.00 


88.00 
103.00 


15  00 
70  40 
110  00 

59.40 
68  60 
77.00 
80  52 


xs  r,c, 


40  20 

45.75 


166  57 


16.04 
29  40 


45.46 


111.36 
55.00 


90.03 


;,2  so 
52.80 


79.20 

81.84 

125.93 


$1.00 


50 


185.00 


133.15 
39.50 
52.66 


Total 


$80  00 


15  00 

90.00 

105  00 


90  00 
91.00 
75.00 
67.00 
115.00 
120.40 
125.00 

209.40 
228.60 
173.00 

I  mi  52 
109  75 


65.70 

56.75 


1 35 . 20 
191.57 


127.75 

167.50 

10  00 

60  00 

23.04 

34.40 
120  00 
295.50 

162  16 


245.00 
112.36 
155.00 

122.53 

54.00 

92.80 

72.80 

74.00 

130.15 

171.84 

291.93 

94.50 


133.00 


are  permitted.  It  is  legal  in  all  States.  The 
average  road-user  tax  payment  on  it  in 
private  operation  is  $677.50.  The  lowest 
registration  fee  on  this  combination,  $45.00, 
is  found  in  Colorado;  the  highest,  $640.00, 
in  Illinois.  The  average  registration  fee 
is  $255.83,  somewhat  lower  than  on  the 
three-axle  single-unit  truck  (No.  6)  of  the 
same  gross  weight. 

As  an  interesting  sidelight,  table  9  shows 
for  this  combination,  in  private  operation, 
the  taxes  levied  on  the  tractor-truck  and 
on  the  semitrailer  as  individual  units.  The 
ratio  of  the  taxes  on  the  component  units 
varies  widely  among  the  States:  in  Minne- 
sota, for  example,  the  $10.00  tax  on  the 
semitrailer  is  little  more  than  1  percent  of 
the  $750.00  levied  on  the  tractor,  while  in 
Oklahoma  the  $295.50  for  the  semitrailer 
is  50  percent  of  the  $585.50  for  the  power 
unit. 

Vehicle  No.  8,  50,000-pound  gasoline- 
powered  combination  (table  11;  fig.  18). — 
The  50,000-pound  combination  is  legal  in 
all  States  except  Pennsylvania,  Kentucky, 
and  Tennessee,  and  can  be  operated  in  those 
States   with    reduced    loads.      The   average 


registration  fee  for  this  combination  is 
$341.17  when  in  private  service,  but  in  con- 
tract service  the  average  registration  fee 
is  $586.70.  The  highest  annual  total  of 
road-user  taxes  in  private  service  is 
$1,637.50,  but  in  contract  service  the  highest 
total  of  road-user  taxes  is  $2,555.25. 

Figure  10  (p.  143)  compares,  for  this 
combination  and  for  the  40,000-pound  com- 
bination, the  tax  costs  in  cents  per  mile  of 
private  and  contract  operation. 

Vehicle  No.  9,  50,000-pound  diesel- 
powered  combination  (table  12;  fig.  19). — 
The  50,000-pound  diesel-powered  combina- 
tion, empty,  is  somewhat  heavier  than  the 
50,000-pound  gasoline  combination  and  thus 
carries  a  correspondingly  smaller  payload 
when  at  full  capacity.  (It  is  also  a  some- 
what more  expensive  combination  than  the 
one  with  gasoline  power  and  is  subject  to 
greater  property  taxes  in  many  States.) 
Offset  against  this,  however,  is  its  substan- 
tial saving  in  total  fuel  cost,  including  tax. 
The  diesel  combination  is  assumed  to  save 
one-third  in  fuel  gallonage.  The  saving 
in  fuel  is  highly  desirable  from  almost  any 
standpoint,  but  the  resulting  reductions  in 
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-Road-user  and  personal-property  taxes  o.,  a  ihree-axle  tractor-semitrailer  combination,  40,000  pounds  gross  vehicle  weight  (No.  7) 


State 


New  England: 

Maine 

New  Hampshire. . 

Vermont 

Massachusetts.  . 

Rhode  Island ... 

Connecticut 
Middle  Atlantic-. 

New  York. 

New  Jersey 
.Msylvania 

]  )elaware 

Maryland... 

District  of  Columbia 

West  Virginia. 
Southeastern: 

Virginia    ■  .  • 

Nortti  Carolina 

South  Carolina 

Georgia 

Florida 

Kentucky  . 

Tennessee .  . 

Alabama 

Mississippi . 
East  CentiaV. 

Ohio 

Indiana 

Illinois 

Michigan 

Wisconsin 

Minnesota.  ■ 

Iowa.  ■  : 

Missouri 
Southwestern: 

Arkansas 

Louisiana 

Oklahoma 

Texas 

West  Central: 

North  Dakota 

South  Dakota 

Nebraska 

Kansas 

Mountain: 

Montana 

Idaho 

Wyoming 

Colorado . 


New  Mexico. 

Arizona 

Utah 

Nevada 

Pacific: 

Washington . 

Oregon 

California   . 


Regis- 
tration 

lee 


$305.00 
240  00 
435.00 
122.00 
129.00 
200.00 

178.25 
200.00 
195.00 
150.00 
135  00 
115.00 
242  00 

180.00 
320  00 
162.00 
120  00 
197.50 
350.00 
275.00 
75.00 
282  00 

312  40 
215.00 
640.00 
281.75 
227 . 50 
360.00 
495.00 
307.00 

205.00 
260.00 
360.00 
271.00 

400.00 
222.50 
241.00 
130  00 

92.50 
119.00 

90.00 

45.00 
162.50 
120.45 
160.00 

72.45 


Private  operation 


160.00 
147  00 


Property 

tax 


30!  I    -.7 


Other 

taxes 

and  fees 


$151  28 

1)4  52 

210  04 
247.00 
240  29 

$370.00 
2.00 

45.00 
145  90 

262  55 

141.68 
140.88 

177.00 

132.68 

211.62 

90.45 
107.61 

.50 

.75 

.50 

1.00 

371.32 

78.75 

.25 

48  12 

63.96 

101  46 

1.00 

272.12 
138  00 

214.85 

100.00 
400.00 

200.00 

126.02 
126.02 

1.00 

180  00 

173.60 

289.55 
85.75 
123.66 


Gasoline 
tax 


8480.00 
400.00 
400.00 
400.00 
320.00 
320.00 

320  00 
240.00 
400.00 
400  00 
400.00 
400.00 
400.00 

480  .00 
560  00 
560.00 
480  00 
560.00 
560.00 
560.00 

IS' 

560.00 

320.00 
320.00 
400.00 
360  00 
320.00 
400.00 
320.00 
240.00 

520.00 
560.00 
520.00 
320.00 

400.00 
400.00 
400.00 
400.00 

480  00 
480.00 
400.00 
480.00 
480.00 
400.00 
400.00 
360  00 

520.00 


Total 


$936 . 28 
734.52 
835.00 
732.04 
696.00 
760.29 

868 . 25 
442.00 
595.00 
550.00 
580  00 
660.90 
904.55 

801.68 
1  ,020.88 
899.00 
732.68 
758.00 
1  ,122.37 
835.50 
646  45 
949  61 

632.40 
906.57 
1  ,118.75 
641.75 
547.50 
760.00 
815.00 
595 .  12 

788.96 
820.00 
881.00 
692.46 

900.00 

1  .022.50 

913.12 

868.00 

787.35 
599.00 
616  02 
652.02 
642.50 
709.45 
733 . 60 
1  ,022.57 

765.75 


Rank  of  State 


Total 

fees  and 

taxes 


39 
9 

2 
:;s 
47 
25 
19 
43 

21 

is 
13 
33 

11 
4 
8 

15 

22 
42 
41 
35 
37 
31 
28 
3 

23 


Contract  carrier 


Regis- 
tration 
fee 


$305  00 
240.00 
435.00 
122.00 
129  00 
200.00 

178.25 
200  00 
195  00 
150.00 
135.00 
115  00 
212.00 

180.00 
560.00 
162.00 
237 . 50 
422.50 
150.00 
400.00 
75.00 
552  00 

312.40 
215  00 
640.00 
281.75 
227  .  50 
360.00 
495.00 
307.00 

205.00 
520  00 
360.00 
271.00 

400.00 
222.50 
241.00 
130.00 

92.50 

119.00 

90.00 

45.00 

81.26 

120.45 

160  00 

72  45 

160.00 


Property 
tax 


[151.28 
94.62 


210.04 
247.00 
240  29 


45.00 
145  90 
262.55 

141.68 
140.88 
177.00 
132.68 


211.62 


90.45 
107  61 


371.32 
78.75 


48.12 
63.96 


101  46 


272.12 
138.00 


214.85 


126.02 
126.02 


189.00 
173.60 
300.57 


Other 

taxes 

and  fees 


$2.00 


.50 

.50 

.50 

1  00 


.25 


1.00 


100  00 
400.00 


1.00 


85.75 


Carrier 

taxes 

and  fees 


$10.00 
2.00 


5  00 
5.00 
5.00 

370.00 

184  00 


38.00 
460  00 


350  00 
25  00 

200  50 

320.00 
17.50 

301  00 
13.00 

30.00 
24  00 


120  00 

560.00 

7.50 

5.00 

25.00 


10.00 

11  66 

50.00 

10  00 

20.00 

400.00 

125.00 


369 .  50 
570  00 
600.00 
575.00 


289.55 

36.00 

' 645.00 


Gasoline 
tax 


$480  00 
400.00 
400.00 
400  00 
320.00 
320.00 

320  00 
240.00 
400.00 
400  00 
400.00 
400  00 
400  00 

480  00 
560.00 
560  00 
480  00 
560.00 
560.00 
300  00 

480.00 
560  00 

320.00 
320.00 
400  00 
360  00 
320.00 
400  00 
320.00 
240.00 

520 . 00 
560  00 
520.00 
320.00 

400.00 
400.00 
400  00 
400.00 

480.00 
480.00 
400.00 
480.00 
480.00 
400.00 
400  00 
360.00 

520  00 

'360  00 


Total 


$946.28 
736.52 
835.00 
737.04 
701.00 
765.29 

868.25 
442.00 
779.00 
550.00 
580.00 
660.90 
942.55 

1  ,261.68 

1  ,260  88 

1  ,249  00 

875  18 

1,183  50 

1,242.12 

978.00 

947.45 

1  ,232.61 

662  40 
930.57 

1  ,118.75 
761.75 

1  ,107  50 
767 . 50 
820.00 
620  12 

788.96 

1  ,090.00 

ssl   00 

703.46 

950.00 
1  ,032  50 

933.12 
1  ,068.00 

912.35 

599.00 

985.52 

1  ,222.02 

1  ,161.25 

1  ,284.45 

733.60 

1  ,022.57 

801.75 


Rank  of  State 


Total 

fees  and 

taxes 


Total, 
excl. 
prop 
tax 


25 
36 
22 
44 
47 
45 

19 
48 
26 
42 
43 
46 
33 


5 
11 

29 
2 
14 
15 
21 
4 

34 
41 

12 
28 
7 
27 
23 
39 

30 
10 
18 
37 

16 

13 
35 
17 

32 

38 

20 

8 

3 

9 

40 

31 

24 


311!)    00 


.',30    00 


10 


28 


147.00 


123.00 


1  ,275.00 


fuel  tax  contributions  for  the  support  of 
highways  poses  a  problem.  Michigan,  Mis- 
sissippi, New  York,  and  Texas  have  already 
imposed  higher  rates  on  diesel  fuel  in  an 
effort  to  obtain  a  tax  contribution  similar 
to  that  of  gasoline-powered  vehicles.  Ver- 
mont and  Nebraska  do  not  tax  diesel  fuel 
but  do  impose  equalization  fees.  Idaho  does 
not  levy  any  tax  on  diesel  fuel  consumed  by 
vehicles  subject  to  the  mileage  tax,  but  the 
mileage  tax  on  diesel-powered  vehicles  is 
higher  than  on  gasoline-powered  vehicles. 
The  relation  between  taxes  paid  on  a  gaso- 
line-powered combination  of  50,000  pounds 
"loss  weight  and  a  similar  diesel-powered 
combination  may  be  developed  by  compari- 
son of  data  in  tables  11  and  12  (upper 
section) . 

Vehicle  No.  10,  6 4, 000 '-pound  combination, 
and  vehicle  No.  11,  72,000-pound  combina- 
tion (table  12;  figs.  20  and  21).— The  heavy 
combinations  are  permitted  in  relatively 
few  States.  Where  they  are  permitted,  the 
taxes  imposed  are  sometimes  related  to  the 
effect  of  the  vehicles  on  highway  capacity. 


bridge  load  limits,  acceptability  of  the  ve- 
hicles from  a  traffic  standpoint,  and  other 
factors  not  entirely  concerned  with  the  need 
for  revenue.  Since  the  taxation  of  such 
heavy  combinations  poses  special  problems 
in  each  State,  further  discussion  is  omitted 
here. 

Comparisons  between  the  taxes  oil  private 
and  contract  carriers  on  a  cents-per-mile 
basis  are  shown  in  figure  11    (p.  143). 


Some  Observations 

Although  the  essential  value  of  this  study 
lies  in  the  tables  and  charts,  there  are  sev- 
eral items  that  merit  special  mention.  These 
cannot  be  classed  as  new  information,  but 
they  are  put  into  perspective  and  measured. 

Types  of  service,. — Aside  from  the  sub- 
stantial differences  in  the  computation  of 
road-user  taxes  in  the  several  States,  there 
are  very  great  differences  in  the  levies  on 
similar  vehicles  in  different  service.  The 
vehicle  of  the  private  operator  imposes  the 


same  burdens  on  the  highway  as  the  cor- 
responding vehicle  of  the  for-hire  carrier, 
yet  he  does  not  pay  nearly  as  much  per  mile 
in  taxes  in  most  States.  It  is  notable  that 
there  is  no  difference  between  the  taxation 
of  for-hire  and  private  carriers  under  the 
new  mileage  taxes  in  Idaho  and  New  York. 

Farm  rates. — The  registration  fee  reduc- 
tions for  farm  trucks  are  substantial.  It 
is  doubtful  whether  these  allowances  can 
be  fully  justified  from  a  highway  finance 
standpoint,  even  though  farm  vehicles  may 
travel  fewer  miles  than  other  vehicles.  The 
justification  therefore  must  come  under  the 
heading  of  public  policy  and  any  State  with 
farm  rate  reductions  should  carefully  ex- 
amine their  relationship  to  other  registra- 
tion fees. 

Diesel  vehicles. — There  is  much  evidence 
that,  in  general,  diesel  vehicles  are  making 
smaller  tax  contributions  for  highways  in 
most  States  than  corresponding  gasoline- 
powered  vehicles.  The  diesel  vehicle  is 
commonly  assumed  to  use  about  two-thirds 
as     much     fuel     as     its     gasoline-powered 
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Table  11—  Road-user  and  personal-property  taxes  on  a  gasoline-powered,  four-axle,  tractor-semitrailer  combination,  50,000  pounds  gross 

vehicle  weight  (No.  8)  re 


State 


New  England: 

Maine 

New  Hampshire 

Vermont 

Massachusetts . 

Rhode  Island .  . 

Connecticut.  .  . 
Middle  Atlantic: 

New  York 

New  Jersey. . . . 

Pennsylvania . . 

Delaware 

Maryland 

Dist.  of  Columbia 

West  Virginia. . 
Southeastern: 

Virginia  

North  Carolina 

South  Carolina. 

Georgia 

Florida 

Kentucky 

Tennessee 

Alabama 

Mississippi .... 
East  Central: 

Ohio 

Indiana 

Illinois 

Michigan 

Wisconsin 

Minnesota 

Iowa 

Missouri 

Southwestern: 

Arkansas 

Louisiana 

Oklahoma 

Texas 

West  Central: 

North  Dakota 

South  Dakota. . 

Nebraska 

Kansas 

Mountain: 

Montana 

Idaho 

Wyoming 

Colorado 

New  Mexico . .  . 

Arizona 

Utah 

Nevada 

Pacific: 

Washington .  .  . 

Oregon 

California 


Private  operation 


Regis- 
tration 
fee 


Property 
tax 


$355  00 
300  00 
540.00 
152  00 
152  00 
250  00 

214.00 
260.00 


S192.38 
118.91 


190  00 
210  00 
130  00 
317  00 

300.00 
400  00 
jx_>  mi 
170.00 
214.50 


75.00 
333.00 

334.80 
265.00 
789.00 
299.25 
290.00 
510.00 
595.00 
507.00 

330.00 
340  00 
485  00 
337.00 

700.00 
192  50 
321  00 
225.00 

166  25 
151  00 
100  00 

65  00 
184.50 
135.25 
175  00 

76  95 

295  00 


264  24 
310  00 
302.29 


55  00 
185.40 
330  30 

177.98 
139.28 
237.00 
202.40 


1 19 .  73 
132.06 


:;;;i,  tin 

M    f>H 


60.15 

87  96 


lis  _>:: 


295.49 
167  00 


269  93 


158  54 
158.54 


237  80 
190  34 
378  13 


Other 

taxes 

and  fees 


$747.50 
2  00 


.50 


1.00 


1  00 


125  00 
565  00 


562  50 


1  00 


Gasoline 
tax 


$975  00 
812.50 
812.50 
812.50 
650.00 
650  00 

650.00 
487.50 


812.50 
812.50 
812  50 
812.50 

975.00 
1  .137.50 
1.137.50 

975.00 
1  ,137.50 


305.05 

89.00 
152  00 


975  00 
1  ,137.50 

650.00 
650.00 
812.50 
731.25 
650.00 
8,12.50 
650.00 
487.50 

1,056.25 

1,137.50 

1  ,056 .  25 

650.00 

812.50 
812.50 
812  50 
812.50 

975.00 
975  00 
812  50 
975  00 
975.00 
812.50 
812  50 
731.25 

1.056.25 


Total 


$1  ,522.38 
1  .231  41 
1  .352.50 
1  ,228.74 
1  .112  00 
1  .202.29 

1  .611   50 
749.50 


1  .002  50 
1  .077.50 
1  .127.90 
1  .459.80 

1  ,452.98 
1  .676.78 
1  ,656  50 
1  ,347  .  40 
1  ,352   50 


Rank  of  State 


Total 

fees  and 

taxes 


1  ,170.73 
1  ,602  56 

984.80 
1  .281.94 
1  .686.19 
1  .030 .  50 

940.00 
1  ,322.50 
1  ,245.00 
1  ,054.65 

1  ,474.21 
1  .477.50 
1  .542  25 
1  .105.23 

1  ,637 .  50 
1  ,570.00 
1  ,428.99 
1  .767.00 

1  ,411.18 
1  ,126 .00 

1  .071.04 
1  ,199  54 
1  .159  50 
1  .185  55 

1  .177.84 
1  .491 .38 

1  ,440.25 

1  .045  25 


Total, 

excl. 

property 

tax 


15 
26 

14 
37 

n 

43 

2 
45 


Contract  carrier 


Regis- 
tration 
fee 


$355  00 
300.00 
540  00 
152.00 
152.00 
250.00 

214.00 
260  00 


27 


36 

41 
3 

::  i 
in 
16 
is 
33 

12 
8 
6 

35 

1 
5 

22 
4 

21 
24 
42 
29 
l'i 
38 
34 
25 

in 


190  00 
210  00 
130  00 
317.00 

300.00 
700.00 
282.00 
337.50 
391.00 


75.00 
654.00 

334 . 80 
265.00 
789.00 
299 . 25 
290  00 
510  00 
595  00 
507  00 

330.00 
680  00 
485.00 
337.00 

700.00 
192.50 
321.00 
225.00 

166.25 
151  00 
100.00 
65  00 
92  25 
135.25 
175.00 
76  95 

295.00 


Property 
tax 


$192  38 
118  91 


264  24 
310.00 

302 . 29 


Other 

taxes 

and  fees 


Carrier 

taxes 
and  fees 


$10.00 
2.00 


$2.00 


55.00 
185  40 
330.30 

177.98 
139  28 
237.00 
202.40 


119  73 

132  06 


366  69 
84.69 


60  15 
87.96 


118.23 


295.49 
167.00 


269  93 


158.54 
158.54 


237.80 
190  34 
378  13 


50 


1  00 


.25 


1  00 


125  00 

565  (111 


1.00 


89.00 
i52^00 


5.00 
5.00 
5.00 

747.50 


47.00 

1  .040  00 

400.66' 
25.00 

325 . 50 


Gasoline 
tax 


$975.00 
812  50 
812.50 
812  50 
650.00 
650.00 

650.00 
487  50 


488  -50 
13  00 


30.00 
24.00 


195.00 

710  00 

7.50 

5  00 

25.00 


10.00 


11  00 

50  00 

10.00 

20  00 

812.50 

270  00 


636 . 44 
1  ,390.00 

975  00 
1  ,300.00 


305.05 

41.00 

1  ,510  !00 


812.50 
812.50 
812  50 
812.50 

975  00 
1  ,137.50 
1  ,137.50 

975.00 
1  ,137.50 


975.00 
1  ,137.50 

650.00 
650  00 
812  50 
731  25 
650.00 
812,50 
650  00 
487.50 

1,056.25 

1  .137  50 

1  ,056  25 

650  00 

812  50 
812.50 
812.50 
812.50 

975.00 
975.00 
812.50 
975.00 
975  00 
812.50 
812.50 
731 .25 

1  .056  25 

"73i.25 


Total 


$1  .532.38 
1  ,233.41 
1  ,352.50 
1.233.74 
1  ,117.00 
1,207.29 

1.611  50 

749.50 


1  ,002  50 

1  .077  50 

1  .127  90 

1  .506  80 

2.492.98 
1,976.78 
2,056  50 
I  ,5  19  ''  I 
1  ,854.50 


Rank  of  State 


Total 

fees  and 

taxes 


1  ,659  .  23 
1  ,936.56 

1  ,014.80 
1  .305.94 
1  .686  19 
1 .225 . 50 
1  ,650.00 
1  ,330.00 
1  ,250.00 
1  ,079.65 

1  ,474.21 
1  .827  50 
1  .542  25 
1  ,116.23 

1  ,687.50 
1  ,580.00 
1  .448  99 
2.017.00 

1  ,681.18 
1,126.00 
1  .707.48 
2 ,589 . 54 
2,042  25 
2,485.55 
1  ,177.84 
1  .491    38 

1,481.25 


4.3 
30 
1  1 
34 
17 
29 
31 
41 

26 
II 
20 
40 

13 
19 
27 

7 

15 

38 

12 

1 

6 

4 

36 

24 

25 


Total, 
excl. 
prop, 
tax 


24 
32 
23 
40 
44 
43 

14 
45 


37 
34 
41 
29 


10 

25 

6 


19 
11 

36 
42 
15 
28 
13 
26 
27 
35 

22 

9 

18 

38 

12 

16 

30 

7 

21 

31 

17 

2 

5 

4 

39 

33 

20 


162  00 


731,25 


in 


2S 


162  00 


2,555.25 


counterpart.  Consequently,  in  States  where 
diesel  fuel  is  taxed  at  the  same  rate  as 
gasoline  and  there  are  no  other  special  taxes 
on  diesel  vehicles,  the  annual  saving  to  the 
operator  in  taxes  paid  is  substantial.  In 
the  example  used  in  this  study  (comparison 


of    vehicles    Nos.    8    and    9),    the    saving 
amounts  to  approximately  $270  per  year. 

Distribution  of  vehicles. — Only  2  percent 
of  our  vehicles  are  trucks  of  40,000  pounds 
or  more  capacity.  The  taxes  paid  by  all 
classes  of  vehicles,  including  heavy  trucks, 

{Table  12  and  figures  10-21  follow.) 


should  constantly  be  subject  to  review  and 
adjustment,  but  from  a  practical  stand- 
point the  bulk  of  the  revenue  for  highways 
must  inevitably  come  from  the  automobiles 
and  lighter  trucks  that  constitute  the  vast 
majority  of  vehicles. 
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Tabic   12.— Road-user  and  personal-property  taxes  on  heavy  combinations    (diesel-powered) 


■State 


Private  operation 


Contract  carrier 


Regis- 
tration 
fee 


Pro  p- 
erty 

tax 


Other 

taxes 
and  fees 


Diesel 
fuel  tax 


Total 


Rank  of  State 


Total 

fees  and 

taxes 


Total, 
excl. 
prop, 
tax 


Regis- 
tration 
fee 


Prop- 
erty 
tax 


Other 

taxes 

and  fees 


Carrier 

taxes 

and  fees 


Diesel 
fuel  tax 


Total 


Rank  of  State 


Total 

fees  and 

taxes 


Total, 
excl. 
prop, 
tax 


FOUR-AXLE  TRACTOR-SEMITRAILER  COMBINATION,  50,000  POUNDS  GROSS  VEHICLE  WEIGHT  (NO.  9) 


New  England: 

Maine 

New  Hampshire 

\  ermont 

Massachusetts.  . 

Rhode  Island. 

Connecticut 
Middle  Atlantic: 

New   York 

New  Jersey 

Pennsylvania  .  .  .  . 

1  )elaware 

Maryland     . 

District  of  Columbia 

West  Virginia. . . . 
Southeastern: 

Virginia 

North  Carolina    . 

South  Carolina.  . 

<  ieorgia   

Florida 

Kentucky. 

Tennessee 

Alabama 

Mississippi 

East  Central : 

Ohio 

Indiana.  . 

Illinois 

Michigan 

Wisconsin 

Minnesota 

Iowa 

Missouri 

Southwestern: 

Arkansas 

Louisiana 

Oklahoma   

Texas 

West  Central: 

North  Dakota .  . 

South  Dakota.  . 

Nebraska 

Kansas 

Mountain: 

Montana 

Idaho 

Wyoming 

Colorado 

New  Mexico. .    . 

Arizona 

Utah 

Nevada 

Pacific: 

Washington  .... 

Oregon 

California 


$355.00 
300.00 

1,065.00 
152  00 
152.00 
250.00 

220  50 
260.00 


$249.09 
155.32 


190.00 
210.00 
195  00 
317.00 

300.00 
400  00 
282.00 
170.00 
230.00 


345.16 
406.00 
394.86 


55.00 
231.00 
431.45 

231.44 

216  46 
311  00 
244.86 


$747.50 
2.00 


.50 


$649.98 
541.65 


541.65 
433 . 32 
433.32 

649.98 
324.99 


541.65 
541 .65 
541.65 
541  65 

649.98 
758.31 

758.31 
649.98 
758  31 


$1  ;254  .07 

996  97 

1,065  00 

1,038  81 

991.32 

1,078.18 

1.617.98 
5,86.99 


731.65 

806.65 

967.65 

1  ,290 .  10 

1  ,181.42 
1  .374  77 
1  ,351  31 
1,064.84 

OSS  SI 


11 
30 
24 
27 
31 
22 

1 
45 


$355  00 
300.00 

1,065.00 
152,00 
152  00 
250.00 

220.50 
260.00 


$249  09 
155.32 


345.16 
406  00 
394  86 


190  00 
210.00 
195.00 
317.00 

300.00 
700.00 
282.00 
337.50 
416.25 


55.00 
231.00 
431.45 

231.44 
216.46 
311 .00 
244.86 


$2  00 


.50 


$10.00 
2.00 


5.00 
5.00 
5.00 

747.50 


47.00 
1  ,000.00 


400.00 

25.00 

325  50 


$649.98 
541  65 


541  65 
433.32 
433  32 

649.98 
324.99 


541.65 
541.65 
541  65 
541.65 

649  98 
758.31 
758.31 
649  98 
758  31 


$1  ,264  .07 

998  97 

1  ,065.00 

1  ,043.81 

996.32 

1  ,083  .  18 

1  ,617  98 
586.99 


731  65 

806  65 

967.65 

1  ,337.10 

2,181.42 

1.674.77 
1  ,751.31 
1  ,257.34 
1  ,500.56 


25 

30 

38 

35 

34 

25 

36 

42 

39 

44 

32 

43 

10 

6 

45 

45 

44 

40 

43 

37 

40 

39 

23 

33 

4 

3 

9 

11 

6 

13 

26 

31 

12 

10 

75.00 
333.00 

376.80 
265.00 
7so  ill) 
323  75 
290  00 
510.00 
595.00 
507.00 


155.24 
171.32 


1.00 


603.82 
93.57 


25 


330.00 
340.00 
485.00 
382.50 

700.00 
242.50 
321.00 

225.00 

186.25 

78.00 

110.00 

65.00 

204.00 

145.75 

195.00 

83.70 

370.00 

172.00 


60.15 
87  96 


1.00 


152.39 


282.11 
217.00 


352.98 


125.00 
630.00 
800.00 
562 . 50 


649 . 98 
866.64 

433.32 
433.32 
541.65 
649.98 
433.32 
541.65 
433.32 
324.99 

704.15 

758.31 
704.15 
649 , 98 

541.65 

541.65 


207.09 
207.09 


1  ,446  90 
'  1  00 


310.60 
339.76 
10  %  03 


326.75 
122.25 
198^00 


541.65 
649  98 


433.32 
649  98 
649.98 
541.65 
541.65 
595.82 

704.15 


881.22 
1,370.96 

810.12 
1,302.39 
1  ,424 .  22 

973.73 

72.3.32 
1  ,051.65 
1  ,028.32 

892 .  14 

1  .122  11 
l  ,098  31 
1  ,190  15 
1  ,184.87 

1,366  65 
1  .414  15 
1  ,403  11 
1  ,546.15 

1  ,189.21 

1  ,524  90 

750.41 

923  07 

853.98 

998  00 

1  ,076.41 

1  ,500 .  20 

1  ,196.40 


487.49 


s.-,7  to 


37 
9 

40 
12 
5 
33 
44 
26 
28 
36 

20 
21 
16 
18 

10 
6 

7 
2 

17 
3 
42 
35 
39 
29 
23 
4 

15 


:;s 


28 
2 
45 
3.S 
26 
41 
33 
19 


25 


75.00 
654.00 

376  80 
265  00 
7 so  Oil 
323.75 
290.00 
510.00 
595.00 
507.00 

330.00 
680.00 
485.00 
382.50 

700  00 
242  50 
321.00 
225.00 

186.25 

78.00 

110.00 

65  00 

102  00 

145.75 

195  00 

83.70 

370.00 


155.24 
171.32 


1.00 


003  82 
93 .  57 


.25 


488.50 
13.00 


30.00 
24.00 


60.15 
87.96 


195.00 

710.00 

7.50 

5.00 

25  00 


152.39 


282.11 
217.00 


352  98 


207.09 
207.09 


310.60 
339  76 
493.93 


172.00 


1.00 


125.00 
6.30.00 
800.00 


1  00 


122.25 


198.00 


10  00 

11  00 

50.00 

10  00 

20.00 

812.50 

260  00 
1  ,446  90 

685  60 
1  .330.00 

975  00 
1  ,250  00 


326  75 
42  00 


1  ,416.67 


649.98 
866.64 

433.32 
433.32 
541.65 
649.98 
433  32 
541  65 
43::  32 
324.99 

704.15 
758.31 
704  15 
649.98 

541  65 
541.65 


541  65 
649  98 


433.32 
649  98 
649  98 
541.65 
541.65 
595 . 82 

704  15 


487.49 


1  .369.72 
1  ,704.96 

840.12 
1,326.39 
1.424.22 
1  .168.73 
1.433.32 
1,059.15 
1  ,033  32 

917.14 

1  ,122.11 

1,448  31 
1  ,190.15 
1  ,195.87 

1,416  65 
1  ,424.15 
1  ,423.11 
1  .796 .  15 

1  ,449  21 
1,524.90 
1  ,436.01 
2,253.07 
1  ,726.98 
2,248  00 
1  ,076.41 
1  ,500  20 

1.238.40 


2,304.16 


22 


20 


42 

36 

24 

41 

18 

17 

30 

22 

17 

14 

35 

26 

37 

29 

41 

34 

31 

28 

15 

12 

29 

21 

28 

27 

21 

16 

19 

15 

20 

23 

5 

7 

14 

24 

11 

9 

16 

19 

2 

2 

7 

5 

3 

4 

33 

38 

13 

32 

18 


FIVE-AXLE  TRACTOR-SEMITRAILER  COMBINATION,  64,000  POUNDS  GROSS  VEHICLE  WEIGHT  (NO.  10) 


Maryland 

District  ol  Columbia 
South  Carolina    . 

Floi  ida 

Indiana 

Michigan 

Arkansas  

Louisiana 

South  Dakota 
Nebraska 

Molilalia 

Idaho  

Wvoming .  . 

Colorado 

New  Mexico 
Arizona    .     . 

Utah 

Nevada 
Washington 

Oregon 

California 


$235.00 
365.00 
347.00 
295  .  50 
300.00 
479.75 
455  00 
400.00 
642 . 50 
401  .00 
336 . 25 


iso  00 
10(1  (III 
304 .  50 
258.75 
350.00 
113.40 
662 . 50 


$60.00 
314.10 
427.00 


777.33 
87.96 


651.95 
469  99 


287  84 

287  84 


431  80 
476.16 
686  51 


$.50 
.25 


730.00 
1,000.00 


2  ,926  .  40 


1   00 


485.75 
171.75 


$851.05 

851.05 

1  ,191.47 

1,191.47 

680.84 

1  ,021.26 

1  ,106.37 

1  .191.47 

851.05 


1,021.26 


680.84 
1  ,021  26 
1  ,021.26 

851.05 

851     II.-, 

936.16 

1  ,106.37 


$1  ,148.05 
1  ,530  15 
1  ,965  47 
1  ,487  47 
1  ,758 .  42 
1  ,501  01 
I  ,649    13 

1  ,591  .47 

2  ,223  5  5 
2,052.95 
1,827.50 
2  .020  to 
1  .1  is  OS 
1  ,410  10 
I  ,327.  76 
1  .541   60 

1  ,677   21 

2  ,221  82 
1  .910  62 


(235.00 
365.00 
347.00 
601.50 
300.00 
479.75 
455.00 
800.00 
642.50 
401 .00 
336.25 


is  I  (10 
100  00 
152.25 
258  75 
350  00 
113.40 
662.50 


$60.00 
314  10 
427.00 


777.33 
'87^96 


651.95 

100  00 


287.84 
287.84 


431 .80 
476  16 
686.51 


S  50 
.25 


730  00 
1,000.00 


1  00 


171.75 


$400.00 

400 . 50 

24.00 

320.00 


10.00 

10.00 

20.00 

400.00 

2,926.40 

1,107  00 

2,170.00 

1  .200.00 

1  .950.00 


487.75 
47  00 


$851 .05 

851.05 

1  .191  47 

1  .191  47 

680 . 84 

1,021  26 

1  ,106.37 

1  ,191.47 

851.05 


1  ,021.26 


680 . 84 

1  ,021  26 

1  ,021.26 

851.05 

851.05 

936.16 

1  ,106.37 


$1  ,146.05 
1  ,530.15 
2,365  47 
2,193.97 
1  ,782.42 

1  ,821.01 
1,649.33 
2.001.47 

2  ,233  .  55 
2.072.95 
2,227.50 
2,926.40 
2,255  68 

3  ,580  10 
2,373.51 
3.491  60 
1  .677  21 
2,221.82 
1,987.62 


20 

19 

19 

17 

6 

11 

11 

7 

16 

20 

15 

12 

18 

14 

13 

8 

8 

6 

12 

f6 

9 

13 

4 

4 

7 

10 

2 

2 

5 

5 

3 

3 

17 

18 

10 

15 

14 

9 

302.00 


270.00    765.95 


1  ,337.95 


17 


12   302.00 


270.00 


2,243.34    769.95 


3,581.29 


SIX-AXLE  TRUCK  AND  FULL  TRAILER  COMBINATION,  72,000  POUNDS  GROSS  VEHICLE  WEIGHT   (NO.   11) 


Ohio., 
Louisiana 
Montana, . 

Idaho 

rig  .  .  . 

New  VI 

a  .  . 
Utah 

Nevada. . . . 
Washington  , 

Oregon 

California    . 


$703.75 
520.00 
122.50 


220  00 
107  50 
334  50 
277  00 
445.00 
1 29  60 
842.50 


$530 . 1 1 


310  70 
310  70 

466  20 
362.70 

741.23 


$3,427.20 
1  ]66 


628.50 
180.25 


$837.20 
1  ,465  10 
1  ,255  .  80 


837.20 
1  .255  SO 
1  ,255.80 
1  .046 .  50 
1  .046  50 
1  ,151  15 
1,360.45 


$1,540.95 
1  ,985 .  10 
2,208.41 
3,427.20 
1  .307  99 
1  ,675.09 
1  ,590.30 
1  ,789.70 

1  ,854.20 

2  ,650  48 
2,383.20 


$70.3.75 
1,040.00 
422.50 


220.00 
107.50 
167.25 
277.00 
445  00 
129.60 
842.50 


$530.11 


310  79 
310  79 


466 . 20 
362.70 
741.23 


$1  .00 


180.25 
293'00 


$20.00 

10  00 

490.00 

3,427.20 

1  ,688.50 

2  SOU  00 
2  ,700  Oil 
2,400.00 


628.50 
50  00 


$837.20 
1,465.10 
1  ,255  80 


837.20 
1  ,255  80 
1  .255.80 
1  ,046 .  50 
1  ,046  50 
1  ,151  15 
1  ,360.45 


$1,560.95 
2.515.10 
2,698.41 
3,427.20 
3,056.49 
4  ,475  09 
4,123.05 
4,189  70 
1  ,854  20 
2.650  48 
2,433.20 


11 

7 
9 
5 
6 
2 
3 
4 

12 
10 
8 


302.00 


203. 00         941   85 


1  .536.85 


302.00 


2,783.33 


941.85 


4.320  18 
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Plotting  Aggregate  Gradation  Specifications 
for  Bituminous  Concrete 


By  JOHN   B.   DALHOUSE,   Highway   Engineer 

North    Carolina    District    Office 

Bureau  of  Public  Roads 


Aggregate  gradation  specifications  for  bi- 
tuminous concrete  generally  specify  either 
the  total  percentages  passing  each  sieve  of  a 
series  or  the  percentages  passing  one  sieve 
and  retained  on  the  next.  Ready  comparison 
of  two  dissimilar  types  has  been  considered 
impossible,  largely  because  no  practical 
means  of  plotting  the  second  type  for  visual 
inspection  has  heretofore  been  developed. 

In  this  article  there  is  described  a  simple 
method  for  plotting  the  requirements  of 
percentage  passing  and  retained  specifica- 
tions, thereby  permitting  visualization  of  the 
nature  of  a  specified  gradation  and  com- 
parison of  it  tcith  the  plotting  of  a  total 
percentage  passing  gradation. 


ALL  SPECIFICATIONS  for  bituminous 
iTLconcrete  set  forth  the  gradation  of  ma- 
terials to  be  used  in  the  mix.  Mineral 
aggregate  gradation  requirements  in  the 
various  current  specifications  are  of  two 
general  types.  One  specifies  the  total  per- 
centages passing  each  individual  sieve  in 
a  given  series,  and  the  other  specifies  the 
percentages  passing  one  sieve  and  retained 
on  the  next  smaller  sieve.  Because  of  the 
dissimilarity  between  the  two  types,  it  has 
in  the  past  generally  been  considered  im- 
possible to  compare  them  by  any  ready 
means.  An  additional  complication  is  the 
use  of  varying  series  of  sieves  in  different 
specifications. 

Some  experienced  engineers  are  able  to 
determine,  by  reading  of  the  specifications, 
just  what  kind  of  a  mix  will  result  from 
the  requirements.  To  a  great  many  engi- 
neers, however,  the  easiest  means  of  visual- 
izing the  nature  of  a  specified  aggregate 
gradation  is  to  plot  it  as  a  graph,  preferably 
on  semilogarithmic  cross-section  paper.  A 
convenient  form  of  aggregate  chart  is  com- 
monly used,  with  a  percentage  scale  on  the 
vertical  axis  and  the  sieve  sizes  in  logarith- 
mic scale  on  the  horizontal  axis. 

The  plotting  is  an  easy  operation  for  the 
percentage  passing  specifications,  but  has 
not  heretofore  been  feasible  by  any  simple 
method  for  specification  requirements  on  a 
percentage  passing  and  retained  basis.  The 
purpose  of  this  report  is  to  describe  a 
method  whereby  this  latter  type  of  spe- 
cification can  be  plotted. 


Demonstration  of  Method 

To  demonstrate  the  method,  the  passing 
and  retained  aggregate  gradation  specifica- 
tion shown  in  table  1  is  used  in  this  report. 
It  is  to  be  understood  that  this  is  not  con- 
sidered as  a  typical  or  recommended  grada- 
tion, but  merely  as  a  working  example. 
Derivation  of  the  plotting  points  is  shown 
in  table  2,  and  the  curves  drawn  therefrom 
appear  in  figures   1  and  2. 

The  percentages  of  material  passing  and 
retained  are  given  in  table  1  as  ranges,  in 
the  usual  manner.  These  figures  are,  of 
course,  minimum  and  maximum  amounts. 
The  first  step  in  the  procedure  is  to  calcu- 
late from  table  1  the  cumulative  percent- 
ages of  material  passing  each  sieve,  using 
first  the  minimum  limits  throughout  and 
second,  the  maximum  limits  starting  with 
the  smallest  size  sieve  in  the  sieve  series  in 
each  case.  These  cumulative  series  are 
entered  respectively  in  columns  1  and  2 
of  table  2.  For  example,  working  upward 
from  the  bottom  of  table  1,  the  minimum 
cumulative  amount  passing  the  No.  200 
sieve  is  2  percent,  that  passing  the  No.  80 
sieve  is  2  +  7  =  9  percent,  and  so  on  (see 
column  1  of  table  2).  The  maximum  cumu- 
lative amount  passing  the  No.  200  sieve  is 
8  percent,  that  passing  the  No.  80  sieve  is 
8  +  12  =  20  percent,  and  so  on  (see  column 
2  of  table  2). 

The  minimum  cumulative  percentage 
passing  values  thus  calculated  are  plotted 
in  figure  1  as  curve  1 ;  the  maximum  values 
as  curve  2.     As  indicated  in  table  2,  column 


Tabie  1. — Assumed  aggregate  gradation 
requirements 


Sieve  size 

Percent- 
age of 
material 

Passing 

Retained  on 

1  inch. . . . 

0 
25-45 
10-25 
6-15 
6-9 
8-13 
7-13 
7-12 
2-8 

1  inch 

No.  4 

No.  8.. 

Ni.  4. 
No.  8... 

No.  16.  . 

No.  40 

No.  80 

No.  200.  . 

No.  16..., 

No.  40 
No,  80... 
No.  200 

2,  certain  of  the  calculated  percentages  may 
be  greater  than  100  percent  and  are  dis- 
regarded in  the  plotting  since  they  are 
fictional  values.  The  two  curves  define  the 
limits  of  the  intended  grading  band  in  the 
fine  sizes  but  they  do  not  define  them  in  the 
coarse  sizes. 

The  second  step  in  the  procedure  is  to 
calculate  from  table  1  the  cumulative  per- 
centages of  material  retained  on  each  sieve, 
using  first  the  minimum  limits  throughout 
and  second,  the  maximum  limits,  starting 
with  the  maximum  size  sieve  in  the  sieve 
series  in  each  case.  Enter  these  figures 
in  columns  1R  and  2R  of  table  2.  Thus, 
working  downward  from  the  top  of  table 
1,  the  minimum  cumulative  amount  retained 
on  the  1-inch  sieve  is  0,  that  retained  on  the 
Vo-inch  sieve  is  25  percent,  that  retained  on 
the  No.  4  sieve  is  25  +  10  =  35  percent, 
and  so  on  (see  column  1R  of  table  2).  The 
maximum  cumulative  amount  retained  on 
the   1-inch  sieve  is  0,  that  retained  on  the 


Table   2. — Cumulative   percentages  of   aggregate   gradation,   and   derived    specification 
on  a  percentage   passing  basis 


Sieve  size 


1  inch  .  . 
H  inch . 
No.  4... 
No.  8,  . 
No.  16.. 
No.  40 . . 
No.  80.. 
No.  200 


Cumulative  percent- 
age passing,  by 
simple  addition 


Minimum 

(1) 


Maximum 

(2) 


140 
95 
70 
55 
46 
33 
20 


Cumulative  percent- 
age retained 


Minimum 
(1R) 


Maximum 
(2R) 


0 

45 

70 

85 

94 

107 

120 

132 


Cumulative  percent- 
age passinc.  by 
substraction 


Maximum 
(3) 


100 
75 
65 
59 
53 
45 
38 
31 


Minimum 
(4) 


100 

55 

30 

15 

6 

"       7 

20 

-32 


Derived 
specifica- 
tion on  a 
percentage 
passing 
basis  ' 
(5) 


100 
55-75 
36-65 
30-55 
24  -46 
16-33 
9-20 
2-8 


nd3 


The  greater  of  the  two  minimum  values,  columns  1  and  4,  and  the  lesser  of  the  two  maximum  values,  columns  2 


Fictional  values. 
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Figure  1. — Limiting  curves  of  grading. 


M>-inch  sieve  is  45  percent,  that  retained 
on  the  No.  4  sieve  is  45  +  25  =  70  percent, 
and  so  on   (see  column  2R  of  table  2). 

In  any  grading  analysis,  when  the  per- 
centage retained  on  any  particular  sieve 
is  known,  the  percentage  passing  the  same 
sieve  can  be  determined  simply  by  sub- 
tracting the  percentage  retained  from  100. 
Thus,  in  table  2,  columns  3  and  4  are  de- 
rived from  columns  1R  and  2R.  The  values 
exceeding  100  percent  in  column  2R  are 
fictional  and,  therefore,  the  negative  values 
in  column  4  are  also  fictional  and  are  dis- 
regarded in  plotting. 

The  maximum  cumulative  percentage 
passing  values  thus  calculated  (column  3, 
table  2)  are  plotted  in  figure  1  as  curve 
3;  the  minimum  values  (column  4,  table 
2)  as  curve  4.  These  two  curves  define  the 
limits  of  the  intended  grading  band  in  the 
coarse  sizes  but  they  do  not  define  them 
in  the  fine  sizes. 

The  third  step  is  to  select  the  lower 
values  of  curves  2  and  3  and  connect  these 
values  by  a  solid  line,  as  illustrated  in  figure 
2.  Similarly,  the  higher  values  of  curves 
1  and  4  are  selected  and  connected  by  a 
solid  line.  These  curves  define  the  limits 
of  the  intended  grading  band. 

As  indicated  in  column  5  of  table  2,  an 
equivalent  gradation  on  a  percentage  pass- 
ing basis  may  be  derived  from  the  values 
computed  in  columns  1,  2,  3,  and  4.  The 
lowest  maximum  values  (columns  2  and  3) 
and  the  highest  minimum  values  (columns 
1  and  4)  are  used.  When  plotted  on  an  ag- 
gregate chart,  these  percentage  passing 
values  enclose  an  area  identical  in  shape  and 
size  with  that  representing  the  passing  and 
retained  specification  from  which  they  are 
derived. 

The  grading  band,  so  drawn,  will  enclose 
all  possible  gradings  that  fall  within  the 
limits  of  the  passing  and  retained  grading 
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specification  in  table  1,  and  the  derived  per- 
centage passing  grading,  in  column  5  of 
table  2. 

Control  for  each  Sieve 

The  two  specifications  are  not  identical 
in  their  control,  however,  because  of 
another  factor.  That  is  the  requirement  in 
the  passing  and  retained  specification,  table 
1,  that  for  each  fraction  defined,  there  is 
a  definite  control  of  the  amount  of  that 
which  passes  any  particular  sieve  which 
must  be  retained  on  the  next  smaller  sieve 
in  the  named  series.     This  has  the  effect  of 


placing  maximum  and  minimum  limits  on 
the  slope  of  each  segment  of  any  specific 
grading  curve  that  might  be  drawn  •within 
the  borders  of  the  grading  band.  These 
maximum  and  minimum  slopes  vary  as  the 
specific  grading  curve  passes  from  zone  to 
zone  but  they  are  definitely  fixed,  as  follows: 

1.  Minimum   slopes   are   fixed  by   curves 

1  and  3  which  are  parallel  to  each  other 
throughout  (see  fig.  2).  Therefore,  each 
of  the  solid  lines  in  the  envelope  curve  that 
represents  a  segment  of  either  curve  1  or 
3  establishes  the  minimum  slope,  under  the 
passing  and  retained  specification,  for  the 
zone  in  which  it  occurs. 

2.  Maximum  slopes   are  fixed  by  curves 

2  and  4  which  also  are  parallel  to  each 
other  throughout,  including  the  fictional 
segments  not  shown.  Therefore,  each  of  the 
solid  lines  in  the  envelope  curve  that  repre- 
sent a  segment  of  either  curve  2  or  4  es- 
tablishes the  maximum  slope  for  its  zone. 

3.  In  the  transition  zone  B,  no  segment 
of  curves  1  or  4  was  used  as  a  part  of  the 
envelope  curve.  Likewise  in  zone  C,  no 
segment  of  curves  2  or  3  was  used  as  a  part 
of  the  envelope  curve.  In  these  zones, 
proper  control  may  be  obtained  by  using 
the  dashed  segment  of  curve  1  to  set  the 
minimum  permissible  slope  in  zone  B  and 
the  dashed  segment  of  curve  4  to  set  the 
maximum  permissible  slope  in  that  zone. 
Similarly,   the    dashed   segments  of   curves 

3  and  2  establish  the  minimum  and  maxi- 
mum slopes  respectively  in  zone  C.  It 
might  appear  that  this  is  not  necessary  and 
that  it  would  be  more  practical  to  utilize 
the  solid  lines  connecting  Y  with  Z  and  V 
with  X  for  the  slope  control,  but  this  is  not 
correct  as  may  be  seen  by  a  close  examina- 
tion of  the  specification  requirements. 

It    is    evident,    from    the    preceding    dis- 
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Figure  2. — Grading  band  (enclosed  area  between  solid  lines). 
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cussion,  that  the  number  of  different  grad- 
ing curves  that  could  be  drawn  within  the 
boundaries  of  a  grading  band,  such  as  the 
one  illustrated  in  figure  2,  is  greatly  re- 
duced by  the  slope  limitations  that  are  im- 
posed in  each  zone  by  the  passing  and  re- 
tained type  of  specification.  There  is,  of 
course,  no  such  reduction  in  the  case  of  the 
ordinary  type  of  percentage  passing  speci- 
fication. As  a  result,  unless  some  slope  limit 
clause  is  included  in  the  grading  require- 
ments of  the  percentage  passing  type,  a 
great  many  more  grading  curves  of  this 
type  can  be  included  in  the  grading  band 
under  discussion  than  will  meet  the  require- 
ments of  the  passing  and  retained  specifica- 
tion on  which  this  grading  band  is  based. 

The  heavy  dot-dash  line  within  the  grad- 
ing band  limits  of  figure  3  represents  an 
individual  grading  or  job-formula  curve 
that  conforms  to  both  the  fractional  limits 
and  slope  limits  of  the  illustrative  passing 
and  retained  grading  of  table  1.  Actually, 
this  curve  is  also  fairly  representative  of 
job  formulas  that  are  generally  developed 
under  the  percentage  passing  type  of  spe- 
cification. Any  curve  within  the  grading 
band,  such  as  the  one  illustrated  in  figure 
.">,  will  meet  the  requirements  of  the  pass- 
ing and  retained  specification  provided  the 
slopes  within  the  grading  zones  are  within 
the  minimum  and  maximum  slopes  indicated 
by  the  dotted  lines. 

Skip  Grading 

The  simple  requirement  that  the  job- 
formula  curves  must  fall  within  the  grad- 
ing limits  of  the  percentage  passing  spe- 
cification in  column  5  of  table  2,  or  the 
grading  band  defined  by  the  solid  lines  of 
figures  2  and  3,  would  permit  another  type 
of  job  formula  characterized  by  one  or 
more    "skips"    in    the    grading   curve — that 
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Figure  3. — Example  of  a  grading  that  will  pass  both  types  of  specification. 


is,  one  in  which,  in  one  or  more  zones  of  the 
curve,  all  material  passing  a  certain  sieve 
will  also  pass  the  next  smaller  sieve.  Such 
a  job-formula  curve  is  shown  by  the  heavy 
dot-dash  line  in  figure  4.  It  indicates  a 
skip  grading  in  that  all  of  the  material  that 
passes  the  No.  4  sieve  also  passes  the  No. 
8.  Some  engineers  permit  skip  gradings  to 
be  used  on  the  ground  that  they  have  cer- 
tain definite  advantages.  Many  others,  how- 
ever, do  not  permit  their  use.  In  such  cases, 
in  order  to  provide  for  the  exclusion  of  skip 
gradings,  it  may  be  necessary  to  have  con- 
trols other  than  the  simple  grading   band 


Figure  4. — Illustration  of  a  skip  grading. 


limits  for  the  percentage  passing  specifica- 
tion. Skip  gradings  are  automatically 
eliminated  by  most  specifications  of  the 
passing  and  retained  type.  They  are  readily 
prevented  in  percentage  passing  specifica- 
tions by  requiring  that  there  be  a  certain 
minimum  amount  of  material  between  any 
two  consecutive  sieve  sizes. 

For  example,  assume  that  the  percentage 
passing  specification  in  column  5  of  table 
2  had  an  additional  requirement  that  the 
fraction  retained  between  any  two  consecu- 
tive sieves  shall  not  be  less  than  4  percent 
of  the  total.  Then  any  curve  within  the 
grading  band  in  figure  4  would  represent 
a  gradation  meeting  the  specifications  pro- 
vided the  slopes  within  the  grading  zones 
are  greater  than  this  minimum  4  percent 
shown  by  the  dotted  lines. 

Other  Controls 

As  noted,  a  skip  grading,  represented  by 
a  zero  slope  illustrated  in  zone  C  in  figure 
4,  is  considered  by  many  engineers  to  be 
an  undesirable  extreme.  This  is  debatable, 
but  there  is  no  doubt  as  to  the  undesirability 
of  the  opposite  extreme  of  excess  material 
in  one  size  which  would  be  reflected  by 
a  very  steep  slope  in  one  or  more  of  the 
zones.  With  the  grading  band  limits  as 
wide  as  those  in  figure  4,  it  would  be  pos- 
sible to  have  as  much  as  39  percent  of  the 
aggregate  between  two  sieves  (zone  B). 
The  latter  extreme  can  be  partially  avoided 
by  reducing  the  percentage  range  in  the 
specifications  for  all  or  some  of  the  sieves. 
However,  actual  experience  with  the  pass- 
ing type  of  specification  indicates  that  the 
extreme  conditions  discussed  above  do  not 
generally  constitute  a  serious  problem. 

Some  passing  and  retained  specifications 
with  relatively  wide  controlling  limits  have 
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an  additional  requirement  such  as,  for  in- 
stance, that  the  total  retained  on  the  No. 
10  sieve  shall  be  45-65  percent  (equivalent 
to  percentage  passing  of  35-55  percent) . 
This  type  of  control  may  be  desirable,  par- 
ticularly on  the  No.  8  or  No.  10  sieve,  but 
it  is  misleading  to  set  the  envelope  limits 
to  appear  to  give  a  wider  range. 

In  other  cases,  slopes  are  drastically 
limited  by  such  means  as  setting  very  nar- 
row ranges  on  certain  sieves,  as  illustrated 
in  zone  D  of  figure  3,  where  the  total  varia- 
tion allowed  for  the  fraction  between  the 
No.  8  and  No.  16  sieves  (table  1)  is  from  6 
to  9  percent  or  only  3  percentage  points. 
Another  type  of  drastic  slope  limitation 
that  generally  reduces  the  flexibility  of  a 
specification  is  the  requirement  of  a  dis- 
proportionately large  fraction  between  any 
two  sieves.  Such  devices  generally  fail  to 
serve  any  useful  purpose  and  make  specifica- 
tions appear  to  be  quite  open  and  flexible 
when  actually  they  are  very  difficult  and 
expensive  to  meet. 

It  is  evident  that  percentage  passing  spe- 
cifications and  percentage  passing  and  re- 


tained specifications  may  have  identical 
grading-band  limits.  Resulting  mixtures 
obtained  by  either  will  generally  be  approxi- 
mately the  same,  although  many  gradations 
meeting  the  former  will  not  meet  the  latter. 
Regardless  of  the  differences  to  be  con- 
sidered in  analyzing  the  two  systems,  the 
method  of  plotting  described  here  gives  a 
reasonable  comparison  of  requirements 
under  the  two  systems.  It  also  permits  com- 
parison of  the  gradations  with  ideal  grada- 
tion curves. 

The  percentage  passing  specification  is 
perhaps  more  easily  understood  and  is  more 
readily  compared  with  the  ideal  gradation 
curves.  It  is  also  more  convenient  in  pre- 
determining graphically  the  gradation  re- 
sulting from  the  combination  of  two  sepa- 
rate aggregates  (fine  and  coarse)  and  in 
checking  the  combined  gradation  against 
the  controlling  limits  of  the  specifications.1 


1  Principles  of  Highway  Construction  as  Applied  to 
Airports,  Flight  Strips,  and  Other  Landing  Areas  for 
Aircraft.  Public  Roads  Administration,  1943,  pp.  184- 
186. 


Difficulty  is  sometimes  encountered  in 
comparing  bituminous  concrete  specifica- 
tions because  of  the  fact  that  some  specifica- 
tions give  aggregate  gradation  requirements 
with  separate  indication  of  the  amount  of 
asphalt  to  be  added,  while  other  specifica- 
tions include  the  asphalt  with  the  aggregate 
in  the  gradation  requirements.  The  latter 
method  makes  it  difficult  to  predetermine 
that  a  particular  aggregate,  when  mixed 
with  the  asphalt,  will  produce  a  mix  com- 
plying with  the  specification. 

The  result  desired  in  all  cases  is  a  bitu- 
minous concrete  that  will  adequately  serve 
under  the  anticipated  traffic  loads.  Varia- 
tions to  fit  the  characteristics  of  local  aggre- 
gates, the  volume  and  weight  of  traffic  to 
be  accommodated,  economic  factors,  and 
other  influences  undoubtedly  are  responsible 
for  the  wide  range  of  controlling  limits 
observed  in  different  specifications.  How- 
ever, it  would  appear  logical  to  prepare  spe- 
cifications under  a  uniform  system  in  order 
that  the  experience  of  different  engineers 
might  be  interchanged  and  a  common  meet- 
ing ground  for  discussion  could  be  developed. 


HIGHWAY  STATISTICS,  1951 


Available  about  April  4  will  be  the  Bu- 
reau's Highway  Statistics,  1951,  the  seventh 
of  the  bulletin  series  presenting  annual 
statistical  and  analytical  tables  of  general 
interest  on  the  subjects  of  motor  fuel,  motor 
vehicles,  highway-user  taxation,  financing 
of  highways,  and  highway  mileage.     High- 
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way  Statistics,  1951,  will  be  sold  by  the  Su- 
perintendent of  Documents,  U.  S.  Govern- 
ment Printing  Office,  Washington  25,  D.  C, 
at  60  cents  a  copy.  The  full  series  of  the  an- 
nual bulletin  are  available  from  the  Super- 
intendent of  Documents,  as  indicated  on  the 
inside  back  cover  of  Public  Roads. 


April  1953  •  PUBLIC  ROADS 


A  complete  list  of  the  publications  of  the 
Bureau  of  Public  Roads,  classified  according 
to  subject  and  including  the  more  important 
articles  in  Public  Roads,  may  be  obtained 
upon  request  addressed  to  Bureau  of  Public 
Roads,   Washington   25,   D.   C. 


PUBLICATIONS 
of  the  Bureau  of  Public  Roads 


The  following  publications  are  sold  by  the  Superintendent 
of  Documents.  Government  Printing  Office,  Washington  25, 
D.  C.  Orders  should  be  sent  direct  to  the  Superintendent  of 
Documents.      Prepayment    is    required. 


ANNUAL  REPORTS 

Work  of  the  Public  Roads  Administration: 

1941,  15  cents.         1946,  20  cents.         1948,  20  cents. 

1942,  10  cents.         1947,  20  cents.         1949,  25  cents. 
Public  Roads  Administration  Annual   Reports: 

1943;    1944;    1945.  (Free  from  Bureau  o;  Public  Roads) 

Annual  Reports  of  the  Bureau  of  Public  Roads: 

1950,  25  cents.         1951,  35  cents.         1952,  25  cents. 


HOUSE  DOCUMENT  NO.  462 

Part  1. — Nonuniformity  of  State  Motor-Vehicle  Traffic  Laws. 
15  cents. 

Part  2. — Skilled  Investigation  at  the  Scene  of  the  Accident 
Needed  to  Develop  Causes.     10  cents. 

Part  3. — Inadequacy  of  State  Motor-Vehicle  Accident  Report- 
ing.    10  cents. 

Part  4. — Official  Inspection  of  Vehicles.     10  cents. 

Part  5. — Case  Histories  of  Fatal  Highway  Accidents.  10  cents. 

Part  6. — The  Accident-Prone  Driver.     10  cents. 


UNIFORM  VEHICLE  CODE 

Act     I. — Uniform  Motor-Vehicle  Administration,  Registration, 

Certificate  of  Title,  and  Antitheft  Act.     15  cents. 
Act    II. — Uniform   Motor-Vehicle   Operators'   and   Chauffeurs' 

License  Act.     15  cents,  (revised  1952) 
Act  III. — Uniform  Motor- Vehicle  Civil  Liability  Act.  10  cents. 
Act  IV. — Uniform  Motor-Vehicle  Safety  Responsibility  Act.  15 

cents,     (revised  1952) 
Act    V. — Uniform    Act    Regulating    Traffic    on    Highways.    20 

cents,     (revised  1952) 
Model  Traffic  Ordinance.     15  cents. 


MAPS 

State  Transportation  Map  series  (available  for  39  States).  Uni- 
form sheets  26  by  36  inches,  scale  1  inch  equals  4  miles.  Shows 
in  colors  Federal-aid  and  State  highways  with  surface  types, 
principal  connecting  roads,  railroads,  airports,  waterways, 
National  and  State  forests,  parks,  and  other  reservations. 
Prices  and  number  of  sheets  for  each  State  vary — see  Super- 
intendent of  Documents  price  list  53. 

United  States  System  of  Numbered  Highways  together  with  the 
Federal- Aid  Highway  System  (also  shows  in  color  National 
forests,  parks,  and  other  reservations).  5  by  7  feet  (in  2 
sheets),  scale  1  inch  equals  37  miles.     $1.25. 

United  States  System  of  Numbered  Highways.  28  by  42  inches, 
scale  1  inch  equals  78  miles.     20  cents. 


MISCELLANEOUS   PUBLICATIONS 

Bibliography  of  Highway  Planning  Reports.  30  cents. 

Construction  of  Private  Driveways   (No.  272MP).  10  cents. 

Economic  and  Statistical  Analysis  of  Highway  Construction 
Expenditures.  15  cents. 

Electrical  Equipment  on  Movable  Bridges  (No.  265T).  40  cents. 

Factual  Discussion  of  Motortruck  Operation,  Regulation,  and 
Taxation.  30  cents. 

Federal  Legislation  and  Regulations  Relating  to  Highway  Con- 
struction. 40  cents. 

Financing  of  Highways  by  Counties  and  Local  Rural  Govern- 
ments, 1931-41.  45  cents. 

Guides  to  Traffic  Safety.  10  cents. 

Highway  Accidents.  10  cents. 

Highway  Bond  Calculations.  10  cents. 

Highway  Bridge  Location     (No.  1486D).  15  cents. 

Highway  Capacity  Manual.  65  cents. 

Highway  Needs  of  the  National  Defense  (House  Document  No. 
249).  50  cents. 

Highway  Practice  in  the  United  States  of  America.  75  cents. 

Highway  Statistics   (annual)  : 

1945,  35   cents.  1948,  65  cents.         1951,  60  cents. 

1946,  50  cents.         1949,  55  cents. 

1947,  45  cents.         1950,  60  cents. 
Highway  Statistics,  Summary  to  1945.  40  cents. 
Highways  in  the  United  States  (nontechnical) .  15  cents. 
Highways  of  History.  25  cents. 

Identification  of  Rock  Types.  10  cents. 

Interregional  Highways  (House  Document  No.  379).  75  cents. 

Legal  Aspects  of  Controlling  Highway  Access.  15  cents. 

Local  Rural  Road  Problem.  20  cents. 

Manual  on  Uniform  Traffic  Control  Devices  for  Streets  and 
Highways.  75  cents. 

Mathematical  Theory  of  Vibration  in  Suspension  Bridges.  $1.25. 

Principles  of  Highway  Construction  as  Applied  to  Airports, 
Flight  Strips,  and  Other  Landing  Areas  for  Aircraft.  $1.75. 

Public  Control  of  Highway  Access  and  Roadside  Development. 
35  cents. 

Public  Land  Acquisition  for  Highway  Purposes.  10  cents. 

Roadside  Improvement  (No.  191MP).  10  cents. 

Selected  Bibliography  on  Highway  Finance.  55  cents. 

Specifications  for  Construction  of  Roads  and  Bridges  in  Na- 
tional Forests  and  National  Parks   (FP-41).  $1.50. 

Taxation  of  Motor  Vehicles  in  1932.  35  cents. 

Tire  Wear  and  Tire  Failures  on  Various  Road  Surfaces.  10 
cents. 

Transition  Curves  for  Highways.  $1.25. 

Single  copies  of  the  following  publications  are  available  to 
highway  engineers  and  administrators  for  official  use.  and 
may  be  obtained  by  those  so  qualified  upon  request  addressed 
to  the  Bureau  of  Public  Roads.  They  are  not  sold  by  the 
Superintendent  of  Documents. 

Bibliography  on  Automobile  Parking  in  the  United  States. 

Bibliography  on  Highway  Lighting. 

Bibliography  on  Highway  Safety. 

Bibliography  on  Land  Acquisition  for  Public  Roads. 

Bibliography  on  Roadside  Control. 

Express  Highways  in  the  United  States:  a  Bibliography. 

Indexes  to  Public  Roads,  volumes  17    19,  and  23. 

Title  Sheets  for  Public  Roads,  volumes  24,  25,  and  26. 
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STATUS  OF  FEDERAL-AID  HIGHWAY  PROGRAM 

AS  OF  FEBRUARY  28.  1953 
(Thousand  Dollars) 

STATE 

UNPROGRAMMI  V 
DAI   V 

ACTIVE    PROGRAM 

1    tMMCD  ONLY 

PLANS  APPROVED. 
CONSTRUCTION  NOT  STARTED 

CONSTRUCTION  UNDER  WAY 

TOTAL 

Federal 
Funds 

M.les 

Total 
Cist 

fSSI'         Mi1" 

Total 
Cost 

Federal 
Funds 

Miles 

Total 
Cost 

Federal 
Funds 

Miles 

Alabama 
Arizona 
Arkansas 

$12,740               $2 
2,048                   8,514 
,419                10,415 

$12,366 
6,080 
5,528 

432.4 
176.6 
304.6 

$7,145 
1,073 
1,590 

$3,618 
718 
817 

231.6 
16.9 
77-5 

$30,693 
.  6,027 
12,479 

$15,606 
3,W5 
6,405 

382.5 

71.3 

217.7 

$61,907 
15,614 

24,484 

$31,590 
10,263 
12,750 

1,046.5 
264.8 
599.8 

California 

(  olorudo 
Connecticut 

5,886 
9,257 
8,190 

44,275 
^,958 

22,094 

2,815 

710 

191.4 
91.9 

4.7 

13,263 
2,320 
3,904 

6,806 
1,161 

52.4 
46.1 
17.8 

89,948 
10,073 
10,242 

1*3,339 
5,049 
5,235 

201.8 

124.7 

16.6 

147,486 
17,351 
15,466 

72,239 
9,025 
7,873 

445.6 

262.7 

39.1 

Delaware 

Florida 

Georgia 

3,509 
10,248 
15,223 

650 
13,365 
11,325 

325 

6,710 

5,884 

.8 
177.9 
255.1 

40 
8,205 
6,212 

16 
1*,378 
3,103 

72.9 
42.1 

7,610 
14,469 
34,945 

3,846 
7,323 

16,727 

35-2 
280.2 
568.6 

8,300 
36,039 
52,482 

4,187 
18,411 
25,711* 

36.0 
531.0 
865.8 

Idaho 

Illinois 

Indiana 

7,130 
19,420 
20,032 

10,200 
46,149 
29,815 

6,141 
2^,759 
15,338 

265.7 
3^5.2 
131.9 

1,737 

25,5^9 

8,581 

1,100 

13,125 

4,242 

46.7 
226.3 
128.9 

7,567 
50,186 
23,719 

1*,853 
26,082 

12,885 

107.6 
364.1 
136.3 

19,504 

121,884 

62,114 

12,094 
63,966 
32,465 

420.0 
935.6 
397.1 

Iowa 

Kansas 
Kentucky 

9,337 
10,611 
11,359 

19,449 
12,293 
12,13! 

10,134 
6,068 
6,570 

1*56.5 

1,033.0 

163.3 

3,955 
7,928 
5,252 

1,991 
3,831 
2,924 

131.4 
377-3 
103.7 

9,279 
10,798 
13,562 

4,688 
5,404 
6.764 

403.6 
630.7 
232.7 

32,683 
31,019 
30,946 

16,813 
15,303 
16,258 

991-5 

2, 041.0 

1*99-7 

Louisiana 

Maine 

Maryland 

7,256 

4,510 

10.732 

15,704 
6,231 
7,226 

7,880 
3,361 
3,300 

120.6 
24.8 
53-4 

6,219 

504 
1,875 

3,026 
370 
771 

37-5 

.8 

14.8 

24,719 

10,824 

9.783 

11,905 
4,998 
5,267 

125.1 
80.7 
40.6 

46,702 
17,559 
18.884 

22,811 
8,729 
9,338 

283.2 
IO6.3 
108.8 

Massachusetts 

Michigan 

Minnesota 

11,609 
18,761 
10,411 

3,602 
'17,954 
17.313 

1,946 
9,190 
9,227 

12.2 
331-  >* 

1.473.5 

4,403 
6,206 
4.039 

2,194 
3,037 
2.035 

8.6 

73.0 

113.8 

40,159 

57,1*63 

8.977 

19,051 

24,841 

4.959 

38.0 
250.7 
191.5 

48,164 
81,623 

30,329 

23,191 
37,068 
16^221 

58.8 

655.1 

1,778.8 

Mississippi 

Missouri 

Montana 

9,684 
13,407 
14,681 

11,670 

31,048 

8,082 

5,956 

15,931 

4.875 

464.1 
999-3 
232.4 

5,289 

16,104 
1.170 

2,650 

8,032 

705 

121.7 

19^.5 

20.0 

15,513 
31,632 

14.048 

8,261 

16,807 

8.432 

411.9 
351.7 
229.8 

32,472 
78,784 
23.300 

16,867 
40,770 
14,012 

997.7 

1,51*5.5 

482.2 

Nebraska 

Nevada 

New  Hampshire 

18,620 
6,797 
3,553 

9,470 
5,226 
3,168 

5,115 
4,376 
1,584 

466.9 

148.8 

20.6 

3,8  7 

1,094 
847 

2,455 
914 

390 

55.0 

17.1* 

3.8 

9,842 
3,966 
5.111 

1*,851 
2,983 
2.682 

247.3 

120.7 

31.3 

23,119 

10,286 

9.126 

12,421 
8,273 
4.656 

769.2 
286.9 

55.7 

New  Jersey 
New  Meiico 
New  York 

7,412 

3,247 

41.382 

9,31"+ 

7,706 

78.302 

4,511 

4,927 

41.418 

39.6 
202.0 
115.9 

14,621 
2,995 
39.711 

6,785 

1,899 

18.735 

2.5 
68.2 
66.8 

27,868 

6,301 

95.904 

13,790 

"*,031 

44.339 

31*. 3 
184.4 
300. 7 

51,803 

17,002 

21^.917 

25,086 

10,857 

104,492 

76.4 
454.6 
483.4 

North  Carolina 
North  Dakota 
Ohio 

14,852 

4)068 

24,470 

16,398 
12,311 
16,964 

T,772 
6,354 
8,83 

229.O 

1,014.5 

101.5 

5,283 
2,050 

9,813 

2,552 
1,025 
5,207 

91.3 

203.6 

28.6 

26,477 

5,185 

78,717 

12,713 

2,628 

39,326 

462.9 
445.2 
107.7 
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19,51*6 

105,494 

23,037 
10,007 
53,368 

783-2 

1,663.3 

237.8 

Oklahoma 

Oregon 

Pennsylvania 

14,536 

5,358 

20,903 

7,569" 
1,942 
38,382 

>*,093 

1,101 

19,184 

107.4 
24.9 
78.5 

4,781 

3,996 

11,103 

2,722 
2,410 

',,  ,44 

80.0 
58.2 

44.1 

19,679 
11,807 
79,960 

10,160 

6,683 

39,765 

278.6 
161.2 
164.7 

32,029 

17,71*5 

129,445 

16,975 
10,194 
64,493 

466.0 
244.3 
287.3 

Rhode  Island 
South  Carolina 
South  Dakota 

2,312 
8,128 
1,637 

5,061 
10,252 
13,308 

2,530 
5,496 

7,6i  . 

4o.6 
206.3 
896.1 

1,106 
2,111 
3,7^0 

553 
1,083 
2,113 

75.  k 
177.8 

17,996 

15,727 

6,234 

9,377 
8,085 
3,895 

19.7 
363.1 
346.1 

24,163 
28,090 
23,282 

12,460 
14,664 
13,818 

68.9 

644.8 

1,420.0 

Tennessee 

Texas 

Utah 

14,142 

29,672 

3,933 

8,108 
i*,793 
4,209 

4,027 
2,271 
3,239 

32  '.2 

131.4 

51.6 

5,606 

15, h$k 

2,889 

2,809 
8,274 
2,175 

76.9 

283.9 

75.1 

30,006 

54,998 

7,395 

13,771 

29,803 

5,629 

295.8 
1,103.5 

101.8 

1*3,720 
75,245 
H*,!*93 

20,607 
40,348 
11,043 

692.9 

1,518.8 

228.5 

Vermont 
Virginia 
Washington 

2,718 
8,481 
2,842 

3,318 
1M33 

22^046 

1,843 

7,l8l 

11,583 

30.4 
120.6 
213.5 

19k 
6,270 

440 

397 
3,110 

6.4 

137.7 

19.0 

6,695 

26,788 

9.407 

3,31*0 

12,790 

5,271 

44.6 

206.3 

70.8 

10,807 
47,491 
31,893 

5,580 
23,081 
17.099 

81.4 
464.6 
303.3 

West  Virginia 

Wisconsin 

Wyoming 

6,093 
9,470 
2.824 

5,970 
21,743 

4,379 

3,018 
11,401 
2,873 

31.7 

239.9 

75.7 

6,3  '4 

3,348 
1,188 

3,210 

1,662 

741 

30.1 
51.3 
20.0 

16,504 

30,053 

5,782 

8,250 

15,403 

3.869 

133.6 
296.0 
108.8 

28,778 
55,144 
11,349 

14,473 

28,466 

7.483 

195.1* 
587.2 
204.5 

Hawaii 
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Braking  Distances  of  Vehicles  from  High  Speed 

and  Tests  of  Friction  Coefficients 


BY  THE  HIGHWAY  TRANSPORT  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


The  limited  tests  to  examine  braking  distances  of  vehicles  from  high  speed 
and  to  measure  coefficients  of  friction,  reported  in  this  article,  were  of  sufficient 
scope  to  throw  doubt  on  some  of  the  beliefs  heretofore  commonly  accepted. 

What  braking  force  or  deceleration  rate  should  be  expected?  Are  stopping 
distances  from  high  speeds  longer  than  generally  accepted  as  correct?  What 
causes  the  wide  variation  in  braking  action  of  different  vehicles,  and  of  the  same 
vehicle  in  different  trials?  Are  deceleration  rates  attainable  by  vehicles  at  high 
speeds  uncomfortable  to  the  passengers,  so  long  as  the  vehicle  follows  a  straight 
path?    To  what  extent  do  brake  fade  and  other  factors  affect  stopping  distances? 

Tentative  indications  as  to  the  ansivers  to  these  questions  were  found  in  the 
braking  tests  described  here,  but  they  serve  principally  to  point  the  need  for  far 
more  extensive  studies  that  should  involve  the  cooperation  of  the  automotive  and 
tire  industries. 

The  results  of  the  friction  coefficient  measurements  that  were  made  are 
useful  as  a  pilot  study  to  illustrate  the  required  magnitude  of  any  investigation 
of  the  interrelation  of  stopping  distances  and  friction  coefficients.  It  appears 
necessary  to  consider  variation  in  the  nonskid  qualities  of  both  tires  and  road 
surfaces  to  obtain  the  most  effective  improvement  in  operating  safety. 


THE  late  Ernest  E.  Wilson,  at  that  time 
director  of  the  General  Motors  proving 
ground,  reported  in  December  1940  the  re- 
sults of  tests  to  determine  deceleration  dis- 
tances for  high-speed  vehicles.  He  used  15 
passenger  cars  in  perfect  condition  and  8 
highly  experienced  test  drivers  to  obtain 
braking  distances  for  speeds  ranging  from 
50  to  70  miles  per  hour.  Since  1940,  about 
35  million  passenger  cars  have  been  built 
in  the  United  States,  but  few  if  any  results 
of  tests  to  determine  braking  distances  from 
high  speeds  have  been  reported.  There 
have  been  numerous  reports  for  tests  made 
from  speeds  of  20  to  40  miles  per  hour,  but 
passenger  cars  are  now  being  operated  at 
an  average  speed  of  about  52  miles  per  hour 
on  our  main  rural  highways,  with  about 
12  percent  exceeding  60  miles  per  hour,  and 
an  occasional  vehicle  traveling  in  excess  of 
80  miles  per  hour. 

One  possible  reason  that  more  high-speed 
tests  have  not  been  conducted  is  the  common 
assumption  that  any  passenger  car  with 
brakes  in  good  condition  can  lock  all  four 
wheels  and  that  shorter  stopping  distances 
can  be  realized  only  through  improving  the 
texture  of  road  surfaces  to  obtain  higher 
coefficients  of  friction,  especially  for  wet 
surfaces,  and  *by  avoiding  the  use  of  tires 
that  have  worn  smooth.  Although  a  more 
critical  skidding  condition  usually  exists 
when  a  surface  is  wet  than  when  dry,  about 
three  out  of  four  fatal  accidents  and  two 
out  of  three  of  all  accidents  occur  on  dry 
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surfaces.  Many  of  these  no  doubt  could 
have  been  avoided  if  the  drivers  had  been 
able  to  stop  a  little  sooner. 

To  obtain  current  information  on  braking 
distances  from  high  speeds,  the  Bureau  of 
Public  Roads  in  1949  conducted  a  series  of 
tests  on  53  vehicles  representing  10  of  the 
most  common  makes.  Twelve  of  the  cars 
were  Government  vehicles  owned  by  the 
Bureau  of  Public  Roads.  The  other  41  were 
private  cars  owned  by  employees  of  the 
Bureau  of  Public  Roads  who  volunteered 
to  participate  in  the  tests.  Each  vehicle 
was  driven  during  the  test  by  the  person 
who  normally  operated  the  vehicle. 

Stops  similar  to  those  that  would  have 
been  made  in  an  emergency  were  made  by 
all  of  the  drivers  from  speeds  of  20  and 
40  miles  per  hour.  Most  drivers  also  made 
emergency  stops  from  60  miles  per  hour, 
and  the  drivers  of  the  Government  vehicles 
and  some  of  the  private  cars  made  stops 
from  the  highest  attainable  speed,  which 
was  generally  over  70  miles  per  hour.  Data 
were  obtained  for  a  total  of  214  stops,  in- 
cluding 14  at  speeds  exceeding  75  miles 
per  hour  and  7  at  90  miles  per  hour. 

Test  Procedure 

The  tests  were  conducted  on  a  concrete 
taxiway  6,500  feet  long  and  50  feet  wide 
at  Andrews  Air  Force  Base.  The  surface 
had  a  broomed  finish  and  was  free  of  oil 
drippings  since  it  had  been  used  very  little. 
About  2,000  feet  from  the  end  of  the  taxi- 


Reported   by 

O.    K.    NORMANN 

Chief,  Traffic  Operations   Section 

way,  a  rubber  tube  with  an  air-switch  on 
one  end  was  stretched  across  the  surface. 
As  the  front  wheels  of  a  vehicle  passed  over 
this  tube,  a  solenoid  was  actuated  which 
turned  on  a  brilliant  light  700  feet  away 
on  the  right-hand  side  of  the  surface.  This 
light  acted  as  a  signal  to  inform  the  driver 
to  apply  his  brakes  as  quickly  as  possible. 
Immediately  ahead  of  the  tube  which  actu- 
ated the  light  were  three  other  tubes  con- 
nected to  a  recording  speedmeter  located 
in  a  panel  truck  parked  at  one  side  of  the 
surface.  Accurate  speeds  could  thus  be 
obtained  immediately  prior  to  the  brake  ap- 
plication for  vehicles  traveling  within  the 
range  of  15  to   100  miles  per  hour. 

Each  vehicle  to  be  tested  was  equipped 
with  a  detonator  mounted  on  the  front 
bumper  (fig.  1)  and  actuated  electrically 
through  a  switch  on  the  brake  pedal  (fig. 
2).  When  the  brake  pedal  was  touched,  the 
detonator   fired   a    .22-caliber  cartridge,   ex- 


Figure  1. — Mounting  detonator  on  vehicle. 


Figure  2. — Installing  switch  on  brake  pedal. 
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pelling  a  pigment-filled  capsule  which  left 
a  yellow  mark  5  inches  in  diameter  on  the 
pavement  to  indicate  the  point  at  which 
the  brakes  were  first  applied.  The  distance 
between  the  tube  which  actuated  the  light 
and  the  yellow  mark  was  the  distance 
traveled  during  the  driver's  reaction  time, 
and  the  distance  between  the  yellow  mark 
and  the  point  where  the  vehicle  came  to  a 
stop  was  the  braking  distance.  Measure- 
ments were  made  by  use  of  a  scale  marked 
directly  on  the  concrete  surface. 

Prior  to  testing  each  vehicle,  the  following 
information  was  recorded :  Year  model  and 
make  of  vehicle,  present  mileage  on  vehicle, 
mileage  when  brakes  were  last  relined  or 
adjusted,  distance  between  floor  boards  and 
brake  pedal  when  depressed,  condition  of 
tires,  and  name  and  age  of  driver. 

During  each  brake  test,  observers  sta- 
tioned along  the  taxiway  noted  whether  any 
wheels  skidded  and,  if  so,  which  wheels 
locked.  The  drivers  were  requested  to  be 
in  high  gear  before  reaching  a  speed  of  20 
miles  per  hour,  to  accelerate  as  fast  as  pos- 
sible to  the  predetermined  braking  speed, 
to  continue  at  that  speed  until  they  saw 
the  spotlight  illuminated,  and  then  to  come 
to  a  stop  as  quickly  as  possible.  No  in- 
structions were  given  the  drivers  regarding 
use  of  the  clutch  pedal  and  no  observations 
were  made  as  to  when  the  clutch  pedal  was 
depressed  during  the  stops. 

An  observer  riding  in  the  vehicle  noted 
the  time  required  to  accelerate  to  various 
speeds  and  the  speedometer  reading  im- 
mediately before  the  brakes  were  applied. 
The    recorded    speedometer    readings    were 


later  adjusted  to  conform  with  actual  speeds. 
The  observer  also  kept  the  driver  informed 
of  the  speedometer  reading  so  that  the 
driver  could  keep  his  eyes  trained  on  the 
road  and  spotlight.  After  the  test,  the  ob- 
server  questioned  the  driver  as  to  whether 
he  considered  the  stop  a  comfortable  one, 
whether  he  thought  the  stop  could  have  been 
made  in  a  shorter  distance,  and  whether  he 
applied  his  maximum  force  to  the  brake 
pedal  during  the  stop.  The  observer  also 
measured  the  distance  between  the  floor 
board  and  the  depressed  brake  pedal. 

Performance  Better  Than  Average 

Only  12  of  the  53  vehicles  used  for  the 
high-speed  brake  tests  were  new  vehicles; 
3  were  10  years  old.  The  average  age  of 
the  53  test  vehicles  was  3.4  years,  less  than 
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half  the  average  age  of  7  years  for  all  pas- 
senger cars  registered  in  the  United  States 
during  1951.  All  of  the  drivers  participat- 
ing in  the  test  considered  their  brakes  in 
good  condition,  and  it  will  be  shown  that 
the  vehicles  participating  in  the  brake  tests 
could  be  stopped  from  a  speed  of  20  miles 
per  hour  in  shorter  distances  than  the 
average  vehicle  being  operated  on  public 
highways. 

Comparisons  of  stopping  distances  from 
a  speed  of  20  miles  per  hour  for  the  53  ve- 
hicles used  in  the  high-speed  tests  with  cor- 
responding values  for  vehicles  included  in 
other  comprehensive  studies  are  shown  in 
figure  3.  The  results  for  the  1942  road 
sample  and  the  current  road  sample  were 
obtained  by  conducting  brake  tests  on  ve- 
hicles selected  at  random  from  everyday 
traffic  on  main  rural  highways.  Each  ve- 
hicle selected  at  random  was  subjected  to 
three  or  more  emergency  stops  from  20 
miles  per  hour  on  dry  concrete  pavements. 

It  may  be  noted  from  figure  3  that  there 
has  been  a  substantial  improvement  since 
1942  in  the  brake  performance  of  vehicles 
in  operation  on  our  highways.  In  1942, 
only  40  percent  could  be  stopped  in  less 
than  25  feet  and  13  percent  required  more 
than  35  feet.  Today,  83  percent  can  be 
stopped  in  25  feet  and  only  3  percent  re- 
quire more  than  35  feet.  There  are  still, 
however,  some  vehicles  being  operated  on 
our  highways  with  brakes  in  such  poor  con- 
dition that  they  cannot  be  stopped  from 
20  miles  per  hour  in  60  feet,  more  than  four 
times  the  distance  required  for  some  ve- 
hicles. 

None  of  the  vehicles  used  for  the  high- 
speed tests  required  more  than  37  feet  to 
stop  from  20  miles  per  hour.  On  an  aver- 
age, they  showed  somewhat  better  brake 
performance  from  20  miles  per  hour  than 
those  selected  for  the  current  road  sample. 
This  was  to  be  expected,  since  most  of  the 
drivers  who  volunteered  for  the  high-speed 
tests  thought,  no  doubt,  that  they  and  their 
vehicles  would  perform  as  well  or  better 
than  average.  Most  of  the  drivers  un- 
doubtedly volunteered  because  they  were 
willing  to  spend  some  time  and  money  in 
helping  to  obtain  useful  facts   relating  to 
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Figure  6. — Instantaneous  acceleration  rates  at  various  speeds. 


one  of  the  most  necessary  elements  of 
highway  safety,  the  ability  of  vehicles  to 
stop  from  high  speeds.  It  is  doubtful,  how- 
ever, that  any  one  of  the  drivers  would 
have  participated  in  the  test  had  he  known 
that  his  performance  would  have  been  the 
worst  of  the  lot. 

Acceleration  Rales 

Before  discussing  the  more  involved  re- 
sults of  the  brake-performance  tests,  it 
seems  desirable  to  dispose  of  a  few  of  the 
results  of  these  tests  that,  may  be  termed 
byproducts.  These  relate  to  the  accelera- 
tion rates  of  passenger  cars,  reaction  times 
of  drivers,  and  accuracy  of  speedometers. 
Figures  4,  5,  and  6  relate  to  the  acceleration 
rates  of  passenger  cars.  In  these  figures, 
the  passenger  cars  have  been  classified  into 
three  groups.  Group  A  includes  all  of  the 
vehicles  tested;  group  B  includes  only  the 
vehicles  that  reached  a  top  speed  of  about 
80  miles  per  hour  on  the  test  course;  and 
group  C  includes  only  the  vehicles  that 
reached  a  top  speed  of  90  miles  per  hour 
on  the  test  course. 

Figure  4  shows  the  total  time  required  to 
accelerate  to  any  given  speed  from  a  speed 
of  20  miles  per  hour,  in  high  gear.  It  is 
also  possible  to  determine,  by  subtraction, 
the  time  to  accelerate  from  a  given  speed 
to  any  higher  speed  within  the  range  of 
the  chart.  The  vehicles  capable  of  a  90- 
mile-per-hour  speed  (group  C)  could  ac- 
celerate from  20  to  nearly  70  miles  per 
hour  in  approximately  the  same  time  as 
they  required  to  accelerate  from  70  to  90 
miles  per  hour.  They  traveled  an  average 
of  1,450  feet  in  going  from  20   to  70  miles 
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per  hour,  and  1,850  feet  in  going  from  70 
to  90  miles  per  hour. 

The  average  acceleration  rates  while  in- 
creasing from  a  speed  of  20  miles  per  hour 
to  a  higher  speed  are  shown  in  figure  5. 
The  average  rate  of  acceleration  decreases 
as  the  speed  increases,  although  the  dif- 
ference is  slight  between  20  and  40  miles 
per  hour. 

The  instantaneous  acceleration  rates  at 
various  speeds  are  shown  in  figure  G.  The 
average  vehicle  (group  A)  had  an  accelera- 
tion rate  of  2.5  miles  per  hour  per  second  at 
speeds  between  20  and  35  miles  per  hour, 
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whereas  the  vehicles  that  could  reach  90 
miles  pei  houi  (group  C)  had  a  maximum 
instantaneous  acceleration  rate  of  2.8  miles 
per  hour  per  second  at  a  speed  of  20  miles 
per  hour.  Rates  of  2.5  and  2.8  miles  per  hour 
per  second  are  equivalent  to  3.7  and  4.1  feet 
per  second  per  second,  respectively.  As  the 
speed  approaches  the  top  speed  of  a  car, 
the  acceleration  rate  approaches  zero.  From 
the  curves  of  figure  6  it  appears  that  the 
cars  which  reached  a  speed  of  90  miles  per 
hour  could  have  eventually  reached  about 
92  miles  per  hour,  and  those  that  reached 
a  speed  of  80  miles  per  hour  could  even 
tually  have  increased  their  speeds  to  85 
miles  per  hour. 

Information  regarding  the  acceleration 
rates  of  passenger  cars  is  used  in  connec- 
tion with  many  highway  design  problems 
relating  to  traffic  operations.  In  recent 
years  the  principal  source  of  such  informa- 
tion has  been  the  results  obtained  for  six 
passenger  cars  tested  in  1938.  The  results 
for  the  53  cars  in  current  use  indicate  that 
acceleration  rates  at  the  present  time  are  20 
to  30  percent  higher  than  for  the  six  cars 
tested  in  1938. 

Driver  Reaction  Time 

The  measurements  of  driver  reaction 
time  and  distance  that  were  made  during 
the  braking-distance  tests  from  high  speeds 
may  be  considered  as  absolute  minimums. 
Each  driver  was  aware  of  the  approximate 
time  that  the  stop  was  to  be  made  and  was 
poised  for  the  occasion.  Only  the  reaction 
time  for  the  initial  test  run  of  each  driver 
has  been  used  for  this  analysis.  During 
subsequent  tests,  several  of  the  drivers 
anticipated  the  time  that  the  signal  light 
would  be  illuminated  and  had  removed  their 
foot  from  the  accelerator  prior  to  reaching 
the  road  tube  that  actuated  the  light. 

Figure  7  shows  the  distribution  of  re- 
action times  for  the  53  drivers.  Some  drivers 
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figure  7. — Reaction  times  during  high-speed  tests. 
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Figure  8. 


-Fifth  ivheel  used  to  obtain  time  - 
distance  curves. 


reacted  and  moved  their  right  foot  from  the 
accelerator  to  the  brake  pedal  in  0.4 
second.      One    driver    required    1.7    seconds. 
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Repeated  tests  on  the  drivers  who  had  the 
longer  reaction  times  gave  consistent  re 
suits  which  eliminated  the  possibility  that 
these  drivers  misinterpreted  the  instruc- 
tions. All  except  the  one  driver  had  a  re- 
action time  of  less  than  1  second  for  the 
conditions  of  these  tests.  The  average  re- 
action time  was  0.73  second  and  95  percent 
of  the  drivers  reacted  in  less  than  nine- 
tenths  of  a  second,  which  is  consistent  with 
the  results  of  other  studies. 

Most  Speedometers  Inaccurate 

It  was  interesting  to  find  that  more  of 
the  speedometers  were  low  than  high  when 
compared  with  the  actual  speeds  of  the 
vehicles.  This  is  contrary  to  the  common 
belief  that  speedometers  have  a  tendency 
to  indicate  higher  speeds  than  the  actual 
speeds.  If  it  is  considered  that  a  speedom- 
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ible    1. — Results    of    braking-distance   tests 
of  a  single  vehicle. 
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Figure  9. — Deceleration  rates  during  stop  from  30  miles  per  hour  (average  of  two  tests). 

30p^r« =r 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  30 


25 


20 


l  5 


10 


STOP   FR0I 

*  80 

M.P.H. 

4 

-TOT 

AL  =  564    FEET 

■-■ 

^y 

SHORTEST  STOP 

FROI* 

1  80  1 

rt.P.H. 

1 

'  TOT/ 

U_  =  4 

00    F 

EET 

ST 

)P   FF 

?om  : 

0   M 

\r\." 

t 

\ 

25 


20 


10 


0  4 


12         16 


20 


24       28       32 

DISTANCE     TO 


36       40       44 
STOP-  FEET 


48       52       56      60       64      68 


Figure  10. — Braking  distance  from   30   miles  per  hour  with  initial  speeds  of  30  and  80 

miles  per  hour. 


Test 

No. 

Initial 
speed 

Braking 
distance 

Skid  marks 

M.p.h. 

Feet 

1 

18 

14 

Four  wheels 

6 

19 

14 

Do. 

16 

30 

48 

None 

12 

30 

45 

Four  wheels 

11 

30 

46 

Light 

17 

30 

50 

Do. 

2 

45 

80 

Four  wheels 

3 

45 

133 

None 

7 

53 

137 

Four  wheels  ' 

8 

53 

162 

None 

13 

79 

540 

None 

14 

78 

468 

None 

15 

80 

564 

None 

18 

80 

400 

Light  2 

19 

81 

400 

Four  wheels  3 

4 

90 

608 

None 

5 

90 

569 

None 

10 

90 

482 

Four  wheels  ' 

9 

90 

940 

None  * 

1  Vehicle  made  a  sharp  dive. 

2  Very  smooth  stop. 

1  Four  wheels  locked  for  251  feet. 
<  Attempt  made  to  fan  brakes. 


eter  is  correct  when  it  registers  within 
2  miles  per  hour  of  the  actual  speed,  which 
is  as  close  as  the  readings  on  many  of  the 
present  models  can  be  determined,  the  fol- 
lowing were  the  results  for  the  53  vehicles: 
19  speedometers   correct   at   all    speeds 

tested. 
6  speedometers  more  than  2  miles  per 

hour  high. 
28  speedometers  more  than  2  miles  per 

hour  low. 
The  average  error  for  the  6  speedometers 
that  were  high  was  6.7  percent  for  speeds 
below  50  miles  per  hour  and  6.1  percent  for 
speeds  above  50  miles  per  hour.  At  no 
speed  did  any  of  these  speedometers  have 
an  error  of  more  than  10  percent. 

The  average,  error  for  the  2,8  speedometers 
that  were  low  was  12.1  percent  for  speeds 
under  50  miles  per  hour  and  10.1  percent 
for  speeds  over  50.  Four  of  the  speedom- 
eters were  between  20  and  24  percent 
low  at  all  speeds:  These  indicated  57  to  60 
miles  per  hour  when  the  vehicles  were  actu- 
ally traveling  75  miles  per  hour.  The 
methods  used  for  conducting  the  test  elimi- 
nated the  possibility  that  these  errors  re- 
sulted from  a  lag  in  the  speedometers. 

Brake  Fade 

In  all  of  the  brake  tests,  actual  measure- 
ment was  made  of  the  distance  from  the 
chalk  mark  on  the  pavement,  indicating  the 
point  where  the  operator  touched  the  brake 
pedal,  to  the  point  where  the  car  came  to 
rest.  In  addition,  in  a  few  of  the  tests  a 
fifth  wheel  and  chronograph  were  mounted 
on  the  test  vehicle  to  obtain  a  time-distance 
record  during  each  stop  (fig.  8).  From  the 
time-distance  record,  deceleration  rates 
were  determined.  Figure  9  shows  a  curve 
representing  the  average  rates  of  decelera- 
tion during  two  stops  from  30  miles  per 
hour  by  one  vehicle.  In  the  one  case,  the 
stopping  distance  was  48  feet,  and  in  the 
other  it  was  50  feet. 

Figure  9  shows  that  the  deceleration  rate 
reached  22  feet  per  second  per  second  within 
0.6   second   after  the   operator  touched  the 
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Figure    11. — Results   of   brake    tests 


made    on    one   specific   vehicle   as   compared   to 
vehicles. 


all 


brake  pedal.  It  is  not  known  whether  there 
was  any  deceleration  within  the  first  0.1 
second,  but  after  0.2  second  had  elapsed, 
the  vehicle  was  decelerating  at  a  rate  of 
15  feet  per  second  per  second.  After  O.fi 
second  there  was  only  a  very  slight  increase 
in  the  deceleration  rate  until  the  vehicle 
came  to  a  stop. 

During  several  of  the  stops  from  high 
speeds,  the  brakes  seemed  to  fade  shortly 
after  being  applied,  making  it  appear  as 
though  the  vehicle  had  very  poor  brakes. 
Brake  fade  may  be  defined  as  a  temporary 
reduction  in  brake  effectiveness  resulting 
from  heat.  In  such  a  case,  the  distance 
traveled  to  bring  the  vehicle  to  a  stop  after 
its  speed  had  been  reduced  to  30  miles  per 
hour  seemed  exceptionally  long.  In  fact, 
one  driver  thought  his  brakes  were  not 
functioning  during  the  latter  part  of  a  stop 
from  60  miles  per  hour.  Fading  usually 
did  not  appear  to  be  pronounced  during 
stops  below  70  miles  per  hour  except  when 
several    stops    were     made    within     a    few 


o    300 


SPEEO   -    MILES   PER  HOUR  (V) 
Figure   12. — Braking   distances   during   high-speed   tests. 
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minutes  without  giving'  the  brake  drums 
time  to  cool  between  the  brake  applications. 
The  general  procedure  for  these  tests  was 
to  allow  the  brakes  time  to  cool  between 
successive  applications. 

The  distances  required  to  bring  a  par- 
ticular vehicle  to  a  stop  from  a  speed  of 
30  miles  per  hour  when  the  initial  speed 
was  30  miles  per  hour  in  one  case  and  80 
miles  per  hour  in  two  other  cases  are  shown 
in  figure  10.  The  one  stop  from  an  initial 
speed  of  SO  miles  per  hour  was  made  in 
400  feet,  the  shortest  distance  in  five  tries, 
whereas  the  other  stop  from  80  miles  per 
hour  was  made  in  504  feet,  the  longest  dis- 
tance in  five  tries.  None  of  the  wheels 
locked  during  any  of  the  three  stops  illus- 
trated in  figure  10,  although  the  operator 
applied  the  maximum  force  possible  to  the 
brake  pedal  in  each  instance. 

The  speed-distance  curve  in  figure  10  for 
the  stop  from  an  initial  speed  of  30  miles 
per  hour  is  the  average  data  for  the  same 
stops  as  those  illustrated  in  figure  9.  The 
curve  in  figure  10  shows  that  at  the  begin- 
ning of  these  stops  there  was  a  decrease 
in  speed  of  only  1  mile  per  hour  during  the 
first  8  feet  of  travel.  Shortly  thereafter, 
the  vehicle's  speed  decreased  about  1  mile 
per  hour  for  each  1.6  feet  of  travel,  and 
immediately  before  coming  to  a  stop  the 
speed  decreased  4  miles  per  hour  while  the 
vehicle  traveled  about  1  foot. 

With  an  initial  speed  of  80  miles  per 
hour,  the  vehicle  was  decelerating  a  little 
less  than  1  mile  per' hour  for  each  4  feet 
of  travel  while  going  30  miles  per  hour. 
Dining  the  remainder  of  the  two  stops,  the 
speed  decreased  at  a  much  lower  rate  for 
the  same  travel  distance  than  during  the 
stop  made  from  an  initial  speed  of  30  miles 
per  hour. 

One  of  the  stops  made  from  an  initial 
speed  of  80  miles  per  hour  required  68  feet 
to  bring  the  vehicle  to  a  stop  after  the  speed 
was  reduced  to  30  miles  per  hour,  while 
in  the  other  case  the  corresponding  dis- 
tance was  56  feet.  The  difference  between 
these  two  distances  and  the  49  feet  required 
for  an  initial  speed  of  30  miles  per  hour 
may  be  attributed  to  brake  fade.  In  the 
one  case  the  difference  was  19  feet  or  39 
percent  of  the  normal  stopping  distance  for 
this  vehicle  from  30  miles  per  hour. 

The  tests  on  which  the  information  in 
figure  10  was  based  were  by  no  means  the 
worst  examples  of  brake  fade  that  occurred 
during  the  series  of  tests.  They  were  the 
only  high-speed  tests  for  which  this  type 
of  data  were  obtained  and  have  been  pre- 
sented to  illustrate  one  reason  that  stopping 
distances  do  not  vary  exactly  as  the  square 
of  the  speed. 

Variation  in  Brake  Performance 

Under  identical  conditions,  brake  per- 
formance at  high  speeds  was  not  always  the 
same.  The  variation  in  braking  distances  for 
one  vehicle  with  the  same  driver  on  the 
same    surface    is    illustrated    by    the    data 


shown  in  table  1.  Figure  11  shows  the  stop- 
ping distances  from  various  speeds  for  this 
one  vehicle  as  small  circles  and  the  average 
stopping  distances  for  all  53  vehicles  tested 
as  a  dashed  curve. 

It  may  be  seen  from  figure  11  that  the 
results  for  this  one  vehicle,  which  was  sub- 
jected to  more  tests  than  any  other  vehicle, 
compare  closely  to  the  average  values.  Fad- 
ing of  the  brakes  was  especially  pronounced 
during  the  three  stops  above  the  average 
line  for  speeds  in  the  neighborhood  of  80 
miles  per  hour  and  during  the  two  stops 
above  the  line  at  90  miles  per  hour.  These 
stops  required  considerably  longer  distances 
than  other  stops  made  by  the  same  vehicle 
at  corresponding  speeds. 

Table  1  also  reports  a  record  of  the  skid 
marks  made  by  the  test  vehicle.  It  must 
be  remembered  that  during  all  of  these 
tests,  except  Nos.  9  and  19,  the  driver  ap- 
plied the  maximum  possible  pressure  to 
the  brake  pedal  over  the  entire  stopping 
distance.  In  some  instances  the  wheels 
locked,  leaving  skid  marks  from  all  four 
wheels.  In  other  instances  none  of  the 
wheels  locked.  During  some  of  the  stops 
when  the  wheels  did  not  lock,  they  were 
evidently  not  turning  as  fast  as  the  car  was 
traveling  because  light  skid  marks  or  tire 
traces  were  plainly  visible,  generally  out- 
lining the  edges  of  the  tire  tread. 

During  the  nine  tests  from  speeds  above 
75  miles  per  hour,  it  was  possible  to  lock 
the  wheels  only  twice  (Nos.  10  and  19). 
During  test  No.  9,  an  attempt  was  made  to 
eliminate  brake  fade  by  fanning  the  brakes 
(removing  all  pressure  from  the  brake  pedal 
occasionally),  but  this  apparently  was  not 
effective  in  reducing  the  total  braking  dis- 
tance. 

The  results  for  tests  Nos.  18  and  19  are 
especially  significant.  For  both  of  these 
stops,  which  were  made  from  approximately 
the  same  speed,  the  braking  distance  was 
400  feet.  Test  No.  18  was  a  very  comfort- 
able stop,  whereas  the  stop  made  during 
test  No.  19  was  the  most  dangerous  one  of 
the  entire  series. 

During  test  No.  19,  all  four  wheels  locked 
at  a  point  31  feet  beyond  the  point  where 
the  brakes  were  applied.  The  vehicle  skidded 
for  151  feet,  struck  a  construction  joint  in 
the  pavement,  and  dived  to  the  adjacent 
lane,  at  which  time  the  brakes  were  re- 
leased sufficiently  to  allow  the  wheels  to 
turn.  The  vehicle  then  traveled  118  feet 
with  the  wheels  turning  and  finally  skidded 
100  feet  to  a  stop.  The  tires  were  so  badly 
worn  on  one  side  as  a  result  of  this  one 
stop  that  all  four  had  to  be  replaced  to 
eliminate  a  pronounced  bumping  as  the 
vehicle  was  driven  over  a  smooth  surface. 

The  braking  characteristics  experienced 
during  the  19  tests  on  this  one  vehicle  in- 
dicate that  if  the  wheels  do  not  lock  im- 
mediately after  full  pressure  is  applied,  they 
cannot  be  locked  at  all.  There  evidently  is 
enough  heat  developed  with  full  brake  pres- 
sure and  the  wheels  turning  so  that  fading 
soon    takes    place,   especially    at    the   higher 


speeds,  and  much  longer  stopping  distances 
result  than  when  the  wheels  lock.  Whether 
or  not  it  will  be  possible  to  lock  the  wheels 
at  high  speeds  is  unpredictable  on  a  dry 
concrete  surface  of  the  type  where  these 
tests  were  conducted.  Stops  from  high 
speeds  with  the  wheels  locked  are,  of  course, 
dangerous  from  a  viewpoint  of  maintaining 
control  of  the  path  of  the  vehicle.  In  an 
emergency,  however,  bringing  the  vehicle  to 
a  stop  in  the  shortest  distance  possible  may- 
or may  not  be  more  important  than  the  exact 
path  of  the  vehicle,  depending  uppn  the 
circumstances.  Even  with  the  most  careful 
and  experienced  drivers,  such  situations  do 
arise. 

The  braking  distance  and  initial  speed 
recorded  for  each  test  conducted  on  all  the 
vehicles  are  shown  by  the  points  in  figure  12. 
In  an  attempt  to  determine  the  reason  for 
the  comparatively  wide  scatter  of  the  points, 
the  tests  for  which  the  drivers  stated  that 
they  made  the  stop  as  fast  as  possible  have 
been  shown  as  dots,  whereas  the  small  tri- 
angular points  represent  tests  for  which 
the  driver  stated  that  he  thought  the  stop 
could  have  been  made  in  a  shorter  distance. 

It  should  be  noted  that  figure  12  shows  a 
fairly  even  distribution  of  both  types  of 
points  on  both  sides  of  the  average  curve. 
In  fact,  when  the  stopping  distances  that 
the  drivers  thought  were  not  as  short  as 
possible  were  compared  with  those  they 
thought  were  the  shortest  possible,  it  be- 
comes evident  that  the  driver's  opinion  is  of 
little  value.  A  summary  of  the  results  is 
shown  in  table  2.  For  speeds  of  50  miles 
per  hour  or  less,  the  braking  distances  for 
the  stops  made  as  fast  as  possible  are 
slightly  shorter  than  for  the  stops  not  made 
as  fast  as  possible  (table  2).  For  speeds 
above  50  miles  per  hour,  the  reverse  is  true, 
and  the  difference  is  more  pronounced. 

Comfort  of  Stop 

It  is  also  interesting  to  compare  the 
actual  braking  distances  with  the  drivers' 
opinions  as  to  whether  or  not  the  stops  could 
be  considered,  comfortable.  Invariably  the 
more  comfortable  stops  were  made  in  the 
shorter  distances  even  when  stops  by  the 
same  driver-vehicle  combination  were  com- 
pared. Within  the  range  of  these  studies 
it  is  therefore  evident  that  other  factors 
have  a  greater  influence  than  the  average 
deceleration  rate  on  the  comfort  character- 


Table  2. — Stopping  distance  related  to  driver 
opinion   of   performance 


Initial  speed 

Stopping  distance,  when,  in  the 
driver's  opinion,  the  stop — 

Was  made  as 
fast  as  possible 

Could  have  been 

made  in  a 
shorter  distance 

M.v.h. 

20 

Feet 
25 
86 
126 
210 
311 
464 

Feel 
34 
90 
146 
206 
259 
357 

40 

50... 

60 

70 

80 
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istics  of  the  stop.  Based  on  the  opinion  of 
the  observer  who  rode  with  the  driver  on 
each  test,  the  most  uncomfortable  stops,  or 
those  most  likely  to  throw  an  occupant 
against  the  windshield  or  dashboard,  were 
the  stops  made  from  the  lowest  speed  of  20 
miles  per  hour.  At  high  speeds,  the  brakes 
are  evidently  not  capable  of  overcoming  the 
angular  momentum  of  the  wheels  and  other 
revolving  parts  of  the  vehicle  at  a  fast 
enough  rate  to  cause  a  sudden  and  great 
change  in  the  speed  of  a  vehicle. 

Using  data  for  the  tests  in  which  the 
drivers  applied  the  maximum  brake  pres- 
sures they  could  develop,  it  was  found  that 
no  wheels  locked  in  42  percent  of  the  tests, 
all  wheels  locked  in  30  percent,  and  one  or 
two  wheels — generally  the  rear  wheels — 
locked  in  28  percent  of  the  tests.  Wheels 
were  more  apt  to  lock  at  the  lower  speeds 
than  at  the  higher  speeds.  At  speeds  of 
20  miles  per  hour,  all  four  wheels  locked  in 
35  percent  of  the  tests,  whereas  at  speeds 
exceeding  60  miles  per  hour  the  correspond- 
ing figure  was  only  19  percent.  The  com- 
mon assumption  that  any  passenger  car 
with  brakes  in  good  condition  is  capable  of 
locking  all  four  wheels  may  be  questioned. 
It  may  hold  true  for  certain  drivers  on  all 
types  of  surfaces  or  for  all  drivers  on  cer- 
tain surfaces,  but  not  for  all  drivers  on  all 
surfaces.  The  concrete  surface  on  the  taxi- 
way  had  a  higher  coefficient  of  friction  than 
the  surface  of  any  highway  on  which  tests 
were  made  (as  described  later)  in  connec- 
tion with  this  investigation.  A  dangerous 
condition  would  exist,  however,  if  manufac- 
turers provided  brakes  that  would  grab  or 
lock  the  wheels  too  easily. 


Square-of -Speed  Rule  in  Error 

The  braking  distance  does  not  vary  as 
the  square  of  the  speed.  For  example,  the 
average  stop  from  30  miles  per  hour  was 
made  in  40  feet.  With  the  braking  dis- 
tance varying  as  the  square  of  the  speed, 
a  stop  from  90  miles  per  hour  would  re- 
quire only  360  feet,  whereas  the  average 
stop  from  90  miles  per  hour  actually  re- 
quired 580  feet.  Not  one  of  the  stops  from 
90  miles  per  hour  was  made  in  360  feet. 
The  shortest  distance  was  490  feet. 

There  are  several  reasons  why  the  brak- 
ing distances  do  not  vary  as  the  square  of 
the  speed.  The  effects  of  brake  fade  have 
already  been  discussed.  Likewise  it  has 
been  shown  that  full  deceleration  does  not 
start  immediately  when  the  brake  pedal  is 
touched.  It  takes  some  time  to  depress  the 
pedal  as  far  as  it  will  go  and  some  addi- 
tional time  for  the  brake  fluid  to  expand  the 
brake  shoes  through  the  wheel  cylinders. 
Other  factors  also  affect  the  brake  distance. 
While  it  is  true  that  the  kinetic  energy  of 
the  vehicle  in  the  direction  it  is  traveling 
varies  as  the  square  of  the  speed,  the  rate 
at  which  brakes  can  absorb  this  energy  and 
the  additional  angular  kinetic  energy  in  the 
wheels  and  other  rotating  parts  is  appar- 
ently limited. 

The  relation  between  speed  and  braking 
distance  as  obtained  by  these  tests  is  shown 
in  figure  12,  in  which  two  curves  are  pre- 
sented. The  lower  curve  shows  average 
stopping  distances,  and  the  upper  curve 
shows  the  85-percentile  stopping  distances. 
The  equation  for  the  lower  curve  is: 

D  =  0.00101  V--'-  +  0.82V 


where  D  is  the  average  stopping  distance 
in  feet  and  V  is  the  speed  in  miles  per  hour. 

The  constants  in  this  equation  were  ob- 
tained by  assuming  that  the  equation  should 
have  the  form  D  =  aV  +  cV.  They  were 
determined  so  as  to  minimize  the  sum  of 
the  squared  deviations  of  the  plotted  points 
from  the  curve.  The  second  term  on  the 
right-hand  side  of  the  equation  represents 
the  distance  traveled  during  actions  taking 
a  constant  length  of  time,  such  as  the  time 
to  depress  the  brake  pedal  and  the  time 
required  for  the  brake  cylinders  to  expand 
the  brake  shoes.  This  equation  fits  the  data 
better  than  any  other  type  of  equation  that 
was  investigated  and  far  better  than  one 
based  on  the  assumption  that  braking  dis- 
tances vary  as  the  square  of  the  speed. 

The  85-percentile  curve  in  figure  12  shows 
the  distance  within  which  85  stops  out  of 
100  can  be  made  and  not  the  distance 
within  which  85  percent  of  the  vehicles  can 
always  stop.  It  has  been  based  on  observed 
data  up  to  a  speed  of  40  miles  per  hour. 
Above  40  miles  per  hour  there  were  so  few 
tests  that  the  85-percentile  curve  has  been 
based  on  sound  statistical  procedures  assum- 
ing that  the  second  term,  0.82 V,  which  con- 
sists largely  of  brake-application  distance, 
and  the  exponent  in  the  first  term  would  be 
the  same  as  for  the  average  curve.  It  was 
also  known  that  most  of  the  vehicles  with 
poor  brake  performance  at  the  lower  speeds 
were  not  tested  at  the  higher  speeds.  In 
fact,  only  3  of  the  11  vehicles  that  required 
more  than  the  85-percentile  distance  to  stop 
from  a  speed  of  20  miles  per  hour  partici- 
pated in  the  tests  at  speeds  above  40  miles 
per  hour.     Also,  an  analysis  of  the  stopping 
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AVERAGE  DISTANCE  TO 
STOP  =   844    FEET 
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85  %  OF   DRIVERS    CAN    STOP 
IN    1294    FEET  OR  LESS 
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500 


DISTANCE     IN    FEET 
Figure    13. — Driver  stopping   distance   on    dry  concrete. 
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distances  of  the  vehicles  that  did  participate 
at  the  high  speeds  shows  a  marked  tendency 
for  those  having  the  longer  stopping  dis- 
tances at  the  lower  speeds  also  to  have  the 
longer  stopping  distances  at  higher  speeds. 
The  portion  of  the  85-percentile  curve  above 
40  miles  per  hour  therefore  represents  the 
best  estimate  that  can  be  made  on  a  basis 
of  these  tests  even  though  few  of  the  points 
shown  in  figure  12  represent  stopping  dis- 
tances longer  than  the  85-percentile  values. 
Equations  that  are  somewhat  easier  to 
solve  and  give  approximately  the  same  re- 
sults as  the  equations  shown  in  figure  12  are 
as  follows,  for  the  average  and  85-percentile 
curves,  respectively,  with  D  and  V  being  in 
the  same  units  as  for  the  exact  equations: 

D  =  0.00069V  3  +  V 

£>  =  0.00126F3  +  V 
An  appreciation  of  the  effect  of  speed  on 
the  distance  required  to  stop  a  passenger 
car  may  be  obtained  from  figure  13.  The 
1-second  perception  time  and  the  1  second 
for  reaction  time  are  certainly  minimum 
values  for  drivers  under  actual  operating 
conditions  except  possibly  under  congested 
traffic  conditions  when  the  time  required  by 
a  driver  to  perceive  the  illumination  of  the 
stop  light  on  a  preceding  vehicle  might  pos- 
sibly be  somewhat  less  than  1  second.  Con- 
sidering the  conditions  under  which  these 
data  were  obtained,  the  driver  stopping  dis- 
tances shown  in  figure  13  can  be  considered 
as  absolute  minimums  for  use  in  determin- 
ing standards  of  design  for  safe  highways. 
If  any  safety  factor  is  applied,  longer  driver 
stopping  distances  must  be  used.  For  cer- 
tain elements  of  design  the  average  values 
might  be  applicable,  but  safe  conditions  gen- 
erally will  not  be  attained  unless  driver 
stopping  distances  at  least  as  high  as  the 
85-percentile  values  are  used. 

Coefficients  of  Friction 

Some  surfaces  when  dry  do  not  have  as 
high  a  coefficient  of  friction  as  a  concrete 
surface,  and  no  road  surface  included  in 
these  tests  had  as  high  a  coefficient  of  fric- 
tion when  wet  as  a  dry  concrete  surface. 
The  85-percentile  values  for  the  driver  stop- 
ping distance  as  shown  in  figure  13  are  ap- 
plicable to  all  road  surfaces,  however,  where 
the  coefficient  of  friction  that  can  be  de- 
veloped between  the  tires  and  the  road  sur- 
face is  equal  to  or  greater  than  the  lowest 
equivalent  coefficient  of  friction  utilized  in 
these  tests  by  the  vehicles  in  making  85  per- 
cent of  the  stops. 

The  average  coefficients  of  friction  util- 
ized by  the  vehicles  over  their  entire  brak- 
ing  distances  on  the  dry  concrete  surface 
are  shown  in  figure  14.  These  averages 
weie  calculated  by  use  of  the  equation 
d  V  -  -30/  where  d  is  the  braking  dis- 
tance in  feet,  V  is  the  initial  speed  in  miles 
per  hour,  and  f  is  the  average  coefficient 
of  friction  developed  between  the  tires  and 
the  road  surface  over  the  entire  braking  dis- 
tance. Since  the  braking  distance  includes 
the  distance  traveled  during  the  brake  ap- 


plication time,  the  average  utilized  coeffi- 
cient of  friction  increases  as  the  speed  in- 
creases from  20  to  30  miles  per  hour  because 
the  brake  application  distance  becomes  an 
increasingly  smaller  portion  of  the  total 
braking    distance. 

While  making  stops  from  20  miles  per 
hour,  there  was  at  least  one  vehicle  that 
utilized  an  average  coefficient  of  friction  of 
0.88  over  its  braking  distance.  The  average 
coefficient  of  friction  utilized  by  the  average 
vehicle  was  0.65,  and  the  vehicles  that  re- 
quired the  85-percentile  braking  distance 
utilized  an  average  coefficient  of  0.48.  Like- 
wise, the  corresponding  coefficients  of  fric- 
tion that  were  utilized  for  the  stops  from 
90  miles  per  hour  were  0.57,  0.46,  and  0.26 
respectively.  The  maximum  friction  coeffi- 
cient during  any  one  stop  is  always  greater 
than  the  average  for  the  entire  braking  dis- 
tance, For  example,  during  the  stop  from 
30  miles  per  hour  as  shown  in  figure  10, 
the  vehicle  could  have  stopped  in  the  49 
feet  if  a  coefficient  of  friction  of  0.61  had 
been  utilized  over  the  entire  distance,  calcu- 
lated on  the  same  basis  as  the  curves  of 
figure  14.  Actually,  however,  the  maximum 
coefficient  of  friction  developed  during  this 
same  stop  was  0.72  since  the  maximum  de- 
celeration rate  was  23.2  feet  per  second 
per  second  as  shown  in  figure  9.  It  is  evi- 
dent, therefore,  that  coefficients  of  friction 
greater  than  the  average  values  shown  in 
figure  14  were  developed  between  the  tires 
and  the  road  surface  during  the  braking- 
distance  tests. 

In  an  effort  to  determine  the  actual  coeffi- 
cient of  friction  of  the  taxiway  surface  and 
to  compare  this  value  with  the  coefficients 
utilized  by  the  vehicles  in  braking,  equip- 
ment was  developed  to  measure  friction  co- 
efficients of  road  surfaces.  This  equipment 
and  other  tests  for  which  it  was  used  will 
be  described  after  the  results  of  friction 
tests  on  the  taxiway  surface  have  been  dis- 
cussed. 
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Tires  and  Friction  Factors 

Coefficients  of  friction  between  the  taxi- 
way surface  and  one  particular  set  of  tires 
under  dry  conditions  were  found  to  be  as 
shown  in  the  column  of  table  3  headed 
"first  set  of  tires."  It  was  evident  chat  if 
these  were  the  correct  coefficients  of  fric- 
tion for  the  taxiway  surface,  it  would  have 
been  impossible  to  make  many  of  the  stops 
within  the  distances  recorded  during  the 
brake  tests.  Average  coefficients  of  friction 
at  least  as  high  as  those  shown  in  figure  14 
were  necessary  to  stop  the  vehicles  within 
the  recorded  distances,  excluding  the  brak- 
ing effect  of  air  resistance. 

The  only  explanation  for  the  wide  dis- 
crepancy seemed  to  be  that  the  tires  on  the 
vehicle  used  to  measure  the  friction  coeffi- 
cients were  not  as  resistant  to  skidding  as 
the  tires  on  some  of  the  vehicles  used  for 
the  brake  tests.  This  was  confirmed  by 
interchanging  the  tires  on  the  friction-test 
vehicle  with  the  tires  on  one  of  the  vehicles 
for  which  short  stopping  distances  were  re- 
corded. The  coefficients  of  friction  for  the 
surface  on  the  taxiway  were  then  found  to 
be  from  23  to  33  percent  higher  than  with 
the  original  tires,  as  shown  in  the  last  col- 
umn of  table  3.  The  coefficients  were  then 
of  sufficient  magnitude  to  account  for  the 
braking  distances  recorded  during  the  high- 
speed tests  in  which  high  coefficients  of 
friction  were  utilized. 

Similar  differences  in  friction  coefficients 
between  the  two  sets  of  tires  were  found 
for  a  bituminous  surface,  the  results  for 
which  are  included  in  table  3.  It  was  sur- 
prising to  find  that  the  tires  made  such  a 
great  difference,  especially  since  both  sets 
of  tires  had  the  same  tread  pattern  and 
were  fabricated  from  the  same  rubber  com- 
pound (based  on  the  manufacturer's  rec- 
ords of  the  serial  numbers) . 

The  hardness  to  which  the  rubber  had 
been  cured  appeared  to  be  the  oraly  ineasur- 
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Figure   14. — Average   utilized  friction   coefficient   while   braking. 
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Tabic      3. 


Effect     of     tires     on     friction 
coefficients 


Type  of  test 


Concrete  surface  on  taxiway: 
Slide  impending  from  stopped 

position 

Slide  impending  with  wheels 

turning  at  slow  speed 

Sliding  at  slow  speed 

Slide  impending  at  25  miles 

per  hour , 

Sliding  at  25  miles  per  hour. 
Bituminous  concrete  surface: 
Slide  impending  at  slow  speed 
Sliding  at  slow  speed 


Coefficient  ol  fricticn 


First  set 
of  tiies 


0.77 


.69 
.67 


Second  set 
of  tires 


0.95 


92 
86 


.70 
68 


able  difference  between  the  physical  charac- 
teristics of  the  two  sets  of  tires.  Had  an 
attempt  been  made  to  find  the  tires  that 
would  result  in  the  highest  and  lowest  fric- 
tion factors,  the  difference  might  well  have 
been  much  greater  than  the  difference  be- 
tween the  two  sets  that  were  used. 

A  few  tests  were  also  made  on  a  third 
set  of  tires  by  towing  a  light  pickup  truck 
with  a  large  10-wheeled  wrecker.  The  re- 
sulting coefficients  of  friction  were  53  per- 
cent higher  than  for  the  first  set  of  tires 
and  25  percent  higher  than  for  the  second 
set  of  tires.  The  third  set  of  tires  was  one 
size  larger  and  had  a  different  tread  pattern 
than  the  other  two  sets  of  tires.  The  rubber 
used  in  their  fabrication  may  also  have  been 
of  a  different  compound  and  cured  to  a  dif- 
ferent hardness  than  either  of  the  other 
two  sets  of  tires. 

In  view  of  these  results,  further  study 
should  be  made  to  obtain  conclusive  answers 
to  a  number  of  questions  directly  related  to 
highway  safety.  How  many  drivers  realize 
when  they  buy  a  new  set  of  tires  that  their 
stopping  distances  in  emergencies  may  be 
30  percent  greater  with  one  set  of  tires  than 
with  another  set?  For  safety  reasons,  would 
it  be  equally  desirable  to  reduce  the  nonuni- 
formity  in  tires  as  the  nonuniformity  in  the 
texture  of  road  surfaces  to  improve  coeffi- 
cients of  friction  between  tires  and  road 
surfaces?  Also,  in  brake-performance  tests, 
to  what  extent  are  coefficients  of  friction  be- 
tween the  road  surface  and  the  particular 
set  of  tires  being  measured  rather  than 
brake  performance? 

Further  Friction  Studies 

The  studies  on  the  taxiway  surface  were 
for  the  purpose  of  obtaining  some  idea  of 
the  relation  between  friction  coefficients  and 
stopping  distances.  While  the  equipment 
for  measuring  friction  coefficients  was  avail- 
able, it  appeared  desirable  to  extend  the 
studies  to  other  surfaces,  principally  to  ob- 
tain a  better  idea  of  the  problems  involved 
in  programming  a  comprehensive  study  of 
the  relation  between  friction  coefficients  and 
braking  distances. 

To  measure  friction  coefficients  of  road 
surfaces,  a  four-wheeled  vehicle  was  towed 
with  a  cable  and  the  towing  force  measured 
with  a  resistance  strain -gage  dynamometer. 
This  method  was  selected  as  the  most  suit- 


able one  available  after  reviewing  other 
methods  reported  for  previous  investiga- 
tions. 

The  towed  vehicle  used  for  these  tests 
was  an  Army  jeep  with  a  four-wheel  drive, 
new  brakes,  and  passenger-car  tires.  Two 
hydraulic  shock  absorbers  were  mounted  on 
the  front  bumper  in  such  a  manner  that 
they  served  as  the  front  support  for  the 
tension-bar  dynamometer  used  in  conjunc- 
tion with  an  electronic  strain  recorder.  The 
shock  absorbers  also  served  to  dampen  vi- 
brations and  variations  in  the  towing  force 
imparted  to  the  dynamometer  by  the  cable 
when  on  rough  surfaces.  The  other  end 
of  the  dynamometer  was  fastened  to  the 
bumper  of  the  jeep  with  a  connection  that 
permitted  the  same  flexibility  as  a  uni- 
versal joint.     The   towing  force  was  kept 


Face    of    Bumper    of    Test    Cor 


parallel  with  the  road  surface  at  all  times 
by  a  25-foot  steel  cable  attached  to  the 
differential  of  the  tow  truck  at  the  same 
height  as  the  mounting  on  the  bumper  of 
the  jeep.  Figure  15  shows  the  method  of 
connecting  the  electric  dynamometer  to  the 
towed  vehicle,  and  figure  16  shows  a  typical 
dynamometer  recording. 

A  resistance  strain-gage  dynamometer 
and  an  electronic  recorder  furnished  by  the 
Naval  Gun  Factory  were  used  throughout 
these  tests.  Gages  were  placed  on  the  four 
sides  of  the  half-inch-square  aluminum  bar 
with  a  temperature  control  element.  The 
unit  was  waterproofed  to  permit  operation 
in  any  type  of  weather.  The  SR-4  strain 
recorder  was  fastened  to  shock  mountings  in 
the  tow  truck  and  connected  with  the  dyna- 
mometer bar  by  insulated  wires  fastened  to 
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Figure  15. Method  of  connecting  electric  tension  dynamometer  to  towed  vehicle. 

Inset — towing  jeep   with    panel   truck. 
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Figure  16. — Typical  dyna- 
mometer recording. 


the  tow  cable.  The  calibration  of  the  dyna- 
mometer was  checked  before  starting  and 
a  tier  completing'  the  friction  tests. 

The  following  three  types  of  friction  co- 
efficients were  measured  at  each  test  loca- 
tion : 

1.  The  maximum  starting  coefficient  of 
friction  from  a  stopped  position. 

•>.  The  maximum  impending  coefficient  of 
friction  with  the  wheels  turning  and  a  skid 
impending. 

3.  The  sliding  coefficient  of  friction  with 
the  wheels  locked. 

A  standard  procedure  was  followed  for 
each  test  which  involved  the  following  steps 
(these  were  repeated  at  least  once  at  each 
location  to  obtain  a  check  on  the  initial 
readings) : 

1.  The  brakes  of  the  jeep  were  fully  ap- 
plied with  the  motor  stopped  and  the  trans- 
mission  in   low  gear. 

2.  The  tow  truck  moved  ahead  in  low-low 
gear,  engaging  the  clutch  slowly  until  the 
towed  vehicle  started  to  slide.  The  tow 
truck  then  continued  at  a  slow  speed  until 
the  entire  test  had  been  completed. 

:'>.  After-  the  jeep  had  moved  about  10  feet 
with  its  wheels  locked,  the  operator  disen- 
gaged the  clutch  and  released  the  brakes  on 
the  towed  vehicle  until  the  wheels  started 
to  turn.  He  then  applied  the  brakes  slowly 
to  obtain  the  maximum  braking  force  with- 
out locking  the  wheels  and  then  released 
the  clutch  slowly.  This  caused  all  wheels 
to   start   sliding   simultaneously. 

4.  After  sliding  ahead  about  10  feet  with 
the  wheels  locked,  operation  3  was  repeated. 

Various  Surfaces  Tested 

In  addition  to  the  friction  tests  that  were 
conducted  on  the  taxiway  at  Andrews  Air 
Force  Base,  108  tests  Were  conducted  in 
1950  on  the  section  of  concrete  on  U  S  40 
where  brake  tests  had  previously  been  con- 
ducted on  vehicles  selected  at  random.  Fric- 
tion tests  were  also  conducted   at  25  loca- 


tions selected  at  random  around  Washing- 
ton, D.  C,  to  obtain  some  idea  of  the  vari- 
ous conditions  encountered  by  drivers  in  the 
normal  operation  of  their  vehicles.  One  of 
these  locations  was  on  Memorial  Bridge 
where  rear-end  collisions  frequently  caused 
long  delays  to  traffic  crossing  the  bridge 
during  morning  and  evening  rush  hours, 
especially  on  days  when  the  surface  was 
wet.  The  measurements  were  repeated  at 
1 1  of  the  test  locations  during  a  rainy  period 
or  between  intermittent  showers  while  the 
surfaces  were  wet. 

The  results  of  these  tests  show  that  the 
taxiway  on  which  the  brake  tests  from  high 
speeds  were  conducted  had  a  higher  coeffi- 
cient of  friction  when  dry  than  any  of  the 
road  surfaces  on  which  tests  were  made. 
The  taxiway  had  an  average  coefficient  of 
friction  5  percent  higher  than  the  surface 
in  Maryland  where  the  random  brake-per- 
formance tests  were  conducted. 

The  range  in  friction  coefficients  on  a  1- 


mile  section  of  highway  on  and  in  the  vicin- 
ity of  the  half-mile  section  where  the  ran- 
dom brake-performance  tests  were  con- 
ducted is  shown  in  figure  17.  These  were 
obtained  with  the  set  of  tires  that  resulted 
in  the  lower  coefficients,  but  the  range  shown 
in  figure  17  is  nevertheless  significant. 

With  a  range  of  more  than  10  percent  in 
the  coefficient  of  friction  of  the  surface,  de- 
pending on  the  exact  location  of  the  test, 
and  a  possible  variation  of  at  least  30  per- 
cent due  to  the  tires,  it  is  evident  that  these 
variations  had  some  effect  on  the  results  of 
the  brake-performance  tests.  Was  brake 
performance  or  the  coefficient  of  friction 
between  the  road  surface  and  the  tires  being 
measured?  It  is  evident  that  the  results  for 
one  must  be  considered  in  combination  with 
the  other. 

The  relative  coefficients  of  friction  at  low- 
speeds  for  seven  different  types  of  surfaces 
when  dry  and  wet  are  shown  in  figure  18. 
The  term  "relative"  is  used  because  the 
values  are  based  on  one  particular  set  of 
tires.  With  other  sets  of  tires  the  values 
might  be  considerably  higher  or  lower  and 
there  is  not  any  positive  assurance  that  the 
relative  magnitude  of  the  coefficients  be- 
tween different  surfaces  would  be  the  same 
as  shown  in  figure  18.  In  fact,  the  results 
of  a  limited  number  of  tests  on  different  sur- 
faces with  different  tires  indicate  the  pos- 
sibility that  one  surface  with  a  relatively 
high  coefficient  of  friction  as  compared  with 
other  surfaces  when  measured  with  one  set 
of  tires  may  have  relatively  a  much  lower 
coefficient  of  friction  when  the  measure- 
ments are  made  with  another  set  of  tires. 
It  can  be  hoped,  however,  that  the  data 
shown  in  figure  18  do  represent  about  aver- 
age conditions  on  a  relative  basis.  They 
should  not  be  used  without  this  qualification 
and  without  the  additional  qualification  that 
construction  methods  and  other  factors  can 
result  in  a  wide  variation  in  friction  coeffi- 
cients even  for  the  same  general  type  of 
surface. 


MEASURED 


0.7 

COEFFICIENT 


OF   FRICTION 


Figure  1 7. 


-Range  in  coefficients  of  friction  on  1-mile  section  of  concrete  pavement  where 
random  brake-performance  tests  were  conducted. 
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SURFACE     TYPE 

1.  KENTUCKY    ROCK  ASPHALT 

HOT   BITUM.  CONCRETE 
2-  VIRGINIA  F-l  TYPE 


TESTS  AT   LOW    SPEEDS 
SLIDING  SLIDE  IMPENDING 
WET- 


H—  DRY 


3. 


HOT  BITUM.  CONCRETE 
COARSE    AGGREGATE  TYPE 


4.  P.  C.  CONCRETE 


HOT    BITUM.   CONCRETE 

FINE  AGG.  WITH  RUBBER   ADD. 


PC.  CONCRETE-BRUSHED 

•  GRAVEL    EXPOSED 

,    DURAX    GRANITE  BLOCK 

•  MEMORIAL    AVENUE 

DURAX    GRANITE    BLOCK 

'•  MEMORIAL    BRIDGE 

i i i i i i 1 1 

0  0.2  0.4  0.6  0.8 

RELATIVE    COEFFICIENT  OF    FRICTION 

Figure  18. — Relative  coefficients  of  friction   (impending  coefficient  for  port  land  cement 

concrete  used  as  unity). 


Figure  18  shows  that  the  impending  co- 
efficients of  friction  immediately  before  the 
wheels  start  sliding  are  higher  for  all  types 
of  surfaces,  both  dry  and  wet,  than  the  co- 
efficients after  the  wheels  start  to  slide. 
Also,  all  surfaces  when  wet  have  lower  fric- 
tion coefficients  than  when  dry. 

Interesting  Comparisons  Made 

A  most  interesting  comparison  exists  be- 
tween the  Durax  granite  block  surface  on 
Memorial  Bridge,  where  heavy  traffic  vol- 
umes had  worn  the  peaks  on  the  blocks 
smooth,  and  the  same  type  of  surface  on 
Memorial  Avenue,  where  traffic  volumes 
since  construction  had  been  much  lower  than 
on  the  bridge.  When  dry,  the  worn  surface 
on  the  bridge  had  a  higher  coefficient  of 
friction  than  any  of  the  road  surfaces,  but 
when  wet  it  had  the  lowest  coefficient  of 
friction.  Both  the  impending  and  sliding 
values  for  the  wet  condition  were  only  about 
50  percent  of  the  values  for  the  dry  condi- 
tion. This  was  undoubtedly  an  important 
contributing  factor  to  the  large  number  of 
rear-end  collisions  and  at  least  two  head- 
on  collisions  that  occurred  while  the  sur- 
face was  wet. 

When  Memorial  Bridge  was  resurfaced 
with  a  rock  asphalt  mixture,  the  coefficient 
of  friction  for  the  dry  condition  was  re- 
duced about  25  percent.  During  the  more 
critical  condition,  however,  when  the  sur- 
face was  wet,  resurfacing  the  bridge  in- 
creased the  impending  coefficient  of  friction 
36  percent  and  the  sliding  coefficient  of  fric- 
tion 53  percent. 

It  is  also  interesting  to  note  that  all  of 
the  surface  materials  except  Kentucky  rock 
asphalt  and  the  granite  blocks  have  about 
the  same  coefficients  when  dry  and  a  wide 
range  in  the  coefficients  when  wet.  At  one 
intersection,  the  intersection  area  and   the 
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approaches  for  a  short  distance  from  the 
intersection  had  been  resurfaced  with  a  hot 
bituminous  concrete  containing  a  fine  ag- 
gregate and  a  rubber  addition  as  an  experi- 
ment. The  resurfaced  areas  (type  5  in  figure 
18)  actually  had  a  lower  friction  coefficient 
than  the  sections  on  the  approaches  that 
had  not  been  resurfaced    (type  2). 

The  effect  of  temperature  on  friction  co- 
efficients was  studied  at  12  locations  by  con- 
ducting tests  while  the  air  temperature  was 
36°F.  on  one  day  and  repeating  the  tests 
on  another  day  when  the  temperature  was 
53°.  It  was  cloudy  on  both  days,  and  there 
had  been  a  change  in  air  temperature  of 
only  2°  during  the  24  hours  prior  to  the 
tests. 

The  difference  in  temperature  apparently 
had  no  effect  at  five  locations  with  concrete 
surfaces.  At  three  locations,  the  coefficients 
of  friction  were  slightly  higher,  and  at  two 
locations  they  were  slightly  lower  at  53° 
than  at  36°.  At  the  seven  locations  with 
various  types  of  bituminous  surfaces,  the 
friction  coefficients  were  consistently  higher 
at  the  lower  temperature  than  at  the  higher 
temperature.  The  average  difference  was 
10  percent  for  the  impending  coefficients  of 
friction  with  the  wheels  turning  and  8  per- 
cent with  the  wheels  sliding  in  a  locked 
pos  'tion. 

Need  for  Further  Research 
The  tests  to  determine  braking  distances 
of  vehicles  from  high  speeds  and  the  tests 
of  friction  coefficients  may  be  regarded  as 
pilot  studies  pointing  to  the  need  for  far 
more  extensive  studies  that  should  involve 
the  cooperation  of  the  automotive  and  tire 
industries.  The  brake-performance  tests 
may  seem  to  be  of  limited  number  but,  as 
far  as  is  known,  they  have  not  been  made 
elsewhere  in  larger  numbers. 


The  tests  were  of  sufficient  scope  to  throw 
serious  doubt  on  some  of  the  beliefs  and 
opinions  accepted  in  the  past  and  to  sug- 
gest the  need  for  research  broad  enough  in 
scope  to  give  conclusive  answers  to  the  fol- 
lowing questions: 

1.  What  is  the  braking  force  or  decelera- 
tion rate  that  drivers  should  be  expected 
to  attain  on  a  dry  surface?  The  tests 
showed  that  drivers  of  passenger  cars  with 
brakes  in  good  condition  were  not  always 
capable  of  obtaining  a  braking  force  suffi- 
cient to  lock  the  wheels  on  dry  surfaces 
with  high  coefficients  of  friction,  especially 
at  high  speeds. 

2.  Are  not  distances  within  which  most 
vehicles  can  be  stopped  from  high  speeds 
most  of  the  time  on  surfaces  with  high  co- 
efficients of  friction  considerably  longer 
than  those  generally  accepted  to  be  correct 
in  the  past?  In  these  limited  tests  vehicle 
braking  distances  on  dry  surfaces  increased 
with  increased  speed  at  a  rate  greater  than 
the  square  of  the  speed. 

3.  What  causes  the  large  variation  in  the 
braking  distances  of  different  vehicles  and 
of  the  same  vehicle  during  successive  stops? 
During  these  tests  there  was  a  wide  varia- 
tion in  the  braking  action  of  the  same  ve- 
hicle and  in  the  braking  action  of  different 
vehicles,  especially  at  high  speeds. 

4.  To  what  extent  do  brakes  and  road 
conditions  cause  vehicles  to  dive  to  one  side 
and  the  drivers  to  lose  control  of  their  ve- 
hicles? In  these  tests  deceleration  rates  at- 
tained by  vehicles  in  making  stops  from 
high  speeds  were  not  uncomfortable  unless 
the  wheels  locked  or  the  driver  was  unable 
to  control  the  path  of  the  vehicle  due  to 
improperly  adjusted  brakes  or  nonuniform- 
ity  of  the  road  surface. 

5.  What  is  the  exact  extent  to  which 
brake  fade  and  other  factors  affect  stopping 
distances  of  vehicles  under  normal  operating 
conditions?  In  these  tests  brake  fade  ap- 
peared to  be  one  of  the  most  serious  de- 
ficiencies of  the  cars  tested. 

The  results  of  the  friction  coefficient 
measurements  are  useful  principally  as  a 
pilot  study  to  illustrate  the  necessary  magni- 
tude of  any  investigation  designed  to  obtain 
exact  information  on  the  interrelation  of 
stopping  distances  and  friction  coefficients 
between  tires  and  road  surfaces.  Much  is 
being  done  by  highway  departments  to  im- 
prove the  nonskid  qualities  of  roadway  sur- 
faces and  to  eliminate  types  that  are  ex- 
ceedingly slippery  when  wet.  Is  it  not  also 
necessary  to  consider  the  variation  in  tires 
concurrently  with  the  road  sin  faces  to  im- 
prove friction  coefficients?  Improvement  in 
operating  safety  can  be  expected  from  con- 
tinued attention  to  better  road  surface  de- 
sign and  from  continued  improvement  in 
the  construction  of  tires.  Would  it  not  be 
advisable  to  establish  minimum  standards 
for  both  road  surfaces  and  tires  to  avoid 
having  drivers  confronted  with  unexpectedly 
hazardous  friction  factors  on  both  wet  and 
dry  surfaces? 
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While  highway  designers  often  talk  about  building  safety  into  the  highways, 
there  have  been  few  comprehensive  studies  of  just  what  it  is  that  makes  some 
roads  safer  than  others.  In  the  study  reported  here,  more  than  16,000  accidents 
on  approximately  5,000  miles  of  highway  in  15  States  have  been  used  to  relate 
the  accident  rates  on  different  sections  of  highway  to  their  respective  design 
features  and  traffic  characteristics.  The  roads  selected  are  all  main  rural 
highways. 

The  most  significant  factors  affecting  accident  rates  are  the  number  of  lanes, 
the  volume  of  traffic,  the  degree  of  curvature,  the  widths  of  the  pavement  and 
the  shoulders,  and  the  percentage  of  cross  traffic  at  intersections.  Most  of  the 
effects  are  in    the  expected   directions,   but    there  are   certain    exceptions. 

At  high  traffic  volumes,  the  lowest  accident  rates  are  to  be  found  on  divided 
roads  with  controlled  access,  while  the  highest  rates  occur  on  three-lane  roads. 
On  most  types  of  highway  sections  the  accident  rale  becomes  higher  with  increas- 
ing traffic  volume,  except  for  a  slight  reversal  due  to  congestion  at  extremely 
high  volumes.  However,  there  is  a  different  pattern  for  two-lane  curves  and 
intersections,  where  the  accident  rate  declines  as  the  volume  increases. 

Sharp  curves  have  higher  accident  rates  than  flat  curves  on  roads  carrying 
the  same  amount  of  traffic.  Wide  pavements  and  shoulders  are  conducive  to 
safely  on  two-lane  curves,  though  they  do  not  appear  to  have  any  value  on  two- 
lane  tangents.  Bridges  are  greatly  helped  by  having  the  bridge  roadway  several 
feet  wider  than   the  approach   pavement. 

At  intersections,  the  percentage  of  the  total  traffic  which  is  on  the  minor 
road  is  extremely  important.  Intersections  where  the  cross  traffic  is  between  10 
and  20  percent  of  the  total  have  more  than  twice  the  accident  rate  of  intersections 
having  less  than  10  percent  cross  traffic.  Also,  three-way  intersections  are  con- 
siderably safer  than   four-way  crossings. 

A  number  of  roadway  features  failed  to  show  any  consistent  relation  to  acci- 
dent rates.  These  include  grade,  the  frequencies  of  curves  and  sight  restrictions, 
mid  the  percentages  of  commercial  and  night   traffic. 


broad  approach.  Classifying  accidents  ac- 
cording to  all  their  circumstances,  regard- 
less of  how  unimportant  any  particular  cir- 
cumstance may  seem  at  first,  offers  the  hope 
of  discovering  significant  relations  between 
accident  frequencies  and  associated  circum- 
stances which  might  otherwise  escape  notice. 
The  present  study  is  an  attempt  to  find 
out  how  rural  traffic  accident  rates  are  af- 
fected by  various  physical  features  of  the 
highway  and  by  certain  use  characteristics 
such  as  average  daily  traffic,  percentage  of 
commercial  vehicles,  and  the  like.  These 
are  by  no  means  the  only  causes  of  acci- 
dents. But  if  it  should  turn  out,  for  in- 
stance, that  roads  with  flat  curves  are  ap- 
preciably safer  than  roads  with  sharp 
curves,  then  it  would  be  possible  to  predict 
with  some  assurance  the  accident  savings 
that  would  result  from  building  flatter 
curves  into  the  highways.  Accidents  have 
many  causes,  and  an  effective  accident- 
reduction  program  ought  to  use  the  full 
range  of  remedies.  This  study  is  intended 
to  throw  light  on  those  remedies  which 
are  in  the  domain  of  the  highway  designer. 

Summary  of  Findings 

The  most  significant  factors  affecting  ac- 
cident rates,  as  discovered  in  this  study,  are 


A  POPULAR  VIEW  has  it  that  every  ac- 
cident results  from  some  "principal 
cause."  like  speeding  or  driving  on  the 
wrong  side  of  the  road.  The  way  to  pre- 
vent accidents,  according  to  this  view,  is 
to  stop  drivers  from  doing  the  things  that 
stand  highest  on  the  list  of  principal  causes. 
The  problem  is  not  so  simple.  Every  ac- 
cident has  many  causes,  if  we  consider  a 
cause  to  be  any  remediable  condition  whose 
correction  would  have  prevented  the  acci- 
dent. For  example,  suppose  two  cars  driven 
at  high  speed  have  a  head-on  collision  at 
night  on  a  two-lane  road.  The  speed  of  the 
vehicles  is  obviously  one  cause  of  the  col- 
lision. Other  causes  may  be  the  use  of 
blinding  headlights,  the  absence  of  lighting 
on  the  highway,  inadequate  pavement  width,  ■ 
and  the  fact  that  the  road  carries  two-way 
instead  of  one-way  traffic.  Any  of  these 
may  have  contributed  equally  with  speed 
to  the  accident,  but  the  chances  are  that 
speeding  will  get  most  of  the  blame. 

It  is  desirable  to  examine  all  the  causes 
of  an  accident  instead  of  concentrating  on 
a  single  cause,  since  a  wide  variety  of 
corrective  measures  may  be  suggested  by  a 


MILES    STUDIED 
420-490  f£££ 

270-360  e:;:::| 

150-180 
50-  60 


Figure  1. — Mileage  of  study  routes. 
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Table  1. — Length  and  amount  of  travel  on  the  study  routes 


State 


Study 
year 


Approximate  length,  in  miles 


Colorado .... 
Connecticut . 
Connecticut. 
Georgia 


Iowa 

Louisiana 

Minnesota 

Nebraska 


1941 
1941 
1946 
1940 

1941 
1941 
1946 
1941 

1941 
1941 
1941 
1941 

1941 
1941 
1941 

Wyomine    1941 


New  Mexico. 

Oregon 

Pennsylvania. 
Utah 


Virginia 

Washington 
Wisconsin 


Tangents 


350 

300 

310 

40 

430 

130 

290 

1  .000 

160 
210 
100 
370 

150 

200 

50 

50 


Total. 


4,140 


Curves 


70 
150 
150 

10 

60 
30 
70 
100 

20 
90 
50 
80 

30 
70 
10 
10 


1.000 


Total 


420 

450 

460 

50 

490 

160 

360 

1  .100 

180 
300 
150 
450 

180 

270 

60 

60 


Travel  in  study  year  in  million 
vehicle-miles 


Tangents 


380 

639 

508 

40 


5.140 


303.2 
175.0 
180.4 
547.5 

64.9 
220.9 
133.2 
238.9 

275.4 

469.1 

70.3 

22.4 


4.269  8 


Curves 


77.3 
249.0 
200.0 

13.7 

41.9 
30.9 
48.0 
57.3 

5.0 
58.0 
74.0 
46.0 

54  9 

135  8 

11.0 

4  4 


1  .107.2 


Total 


457.7 

888.1 

708.6 

54.2 

345.1 
205.9 
228.4 
604.8 

69.9 
278  9 

207.2 
284  9 

330.3 

604.9 

81.3 

26  8 


5,377.0 


traffic  volume,  degree  of  curvature,  pave- 
ment and  shoulder  width  on  curves,  percent- 
age of  cross  traffic  at  intersections,  and  the 
width  of  bridge  roadways,  both  absolutely 
and  in  relation  to  their  approach  pave- 
ments. In  most  cases  the  effects  are  in  the 
expected  directions,  but  there  are  certain 
exceptions. 

Volume  of  traffic  has  a  strong  effect  on 
the  accident  rate  on  nearly  all  types  of 
highway  sections.  In  general — except  for 
curves  and  intersections  on  two-lane  roads 
— the  accident  rate  becomes  higher  as  the 
volume  is  increased.  There  is  often  a  slight 
reversal  of  this  trend  at  very  high  volumes, 
presumably  because  extreme  congestion  in- 
hibits the  drivers'  ability  to  make  passing 
maneuvers. 

At  curves  and  intersections  on  two-lane 
roads  the  trend  goes  the  other  way.  Here 
the   accident   rates   become   lower    with    in- 


creased traffic  volume.  This  effect  has  been 
well  substantiated,  but  the  reason  for  it  re- 
mains a  matter  of  speculation.  A  plausible 
theory  is  that  the  two-lane  curves  and  in- 
tersections present  conditions  which  most 
drivers  recognize  as  hazardous,  particularly 
when  there  is  a  considerable  amount  of 
traffic.  Accordingly,  the  driver  pays  enough 
extra  attention  when  these  facilities  are 
busy  to  more  than  compensate  for  the  added 
potential  danger. 

Sharp  curves  have  higher  rates  than  flat 
curves.  The  volume  effect  described  above 
is  more  pronounced  on  sharp  curves  than  on 
flat  ones. 

Wide  pavements  and  shoulders  help  to 
reduce  the  accident  rates  on  two-lane  curves. 
This  is  in  contrast  to  the  two-lane  tangents, 
where  no  particular  effect  could  be  traced 
to  the  width  of  the  pavement  or  the 
shoulders. 


The  percentage  of  cross  traffic  at  an  in- 
tersection has  a  tremendous  effect  on  its 
accident  rate.  It  takes  only  about  15  per- 
cent cross  traffic  to  make  an  intersection 
more  than  twice  as  hazardous  as  when  the 
cross  traffic  is  well  below  10  percent. 

Another  important  intersection  charac- 
teristic is  the  number  of  approaches.  Three- 
way  intersections  ('T  and  Y )  have  markedly 
lower  accident  rates  than  four-way  cross- 
ings. This  is  not  necessarily  an  argument 
for  staggering  all  crossings,  however,  as 
the  increased  number  of  intersections  and 
the  additional  turning  and  weaving  might 
easily  nullify  the  apparent  advantage. 

Wide  roadways  are  desirable  at  two-lane 
bridges  and  underpasses,  and  they  should  be 
several  feet  wider  than  the  approach  pave- 
ments. Of  the  two  types  of  structures, 
underpasses  are  considerably  more  hazard- 
ous. 

A  number  of  roadway  features  did  not  ap- 
pear to  have  any  consistent  effect  on  the 
accident  rates.  These  include  grade,  pave- 
ment and  shoulder  widths,  frequency  of 
curves,  frequency  of  sight  restrictions,  and 
the  percentages  of  commercial  and  night 
traffic. 

Technique  of  Study 

To  make  it  possible  to  study  a  large  num- 
ber of  different  highway  features,  the  roads 
included  in  the  study  were  divided  into 
short  homogeneous  sections.  Each  of  these 
sections  was  substantially  uniform  in  grade, 
pavement  width,  shoulder  width,  degree  of 
curvature,  traffic  volume,  etc.  Any  place 
where  a  change  occurred  in  any  of  these 
characteristics  was  made  a  dividing  line  be- 
tween one  section  and  another.  Intersections 
and  structures  were  also  regarded  as  sec- 
tions, because  of  their  special  characteristics 


Figure  2. A   highway  punch  card  and  an   accident  punch   card  on   the  same  highway  section. 
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Table   3. — Number  of   accidents,   by   type   of   roadway    element 


State 


Tangents 


Colorado 

Connecticut  (1941) 
Connecticut  (1946) 
Georgia 

Iowa 

Louisiana 

Minnesota 

Nebraska 

New  Mexico 

Oregon 

Pennsylvania 

Utah.' 

Virginia    

Washington    . 

Wisconsin 

Wyoming 


676 

1,374 

1  .223 

64 

461 
531 
254 
638 


926 
265 
447 

648 

1  ,962 

197 

45 


Curves 


130 

560 

439 

32 

100 
39 

46 

77 

10 
106 
140 
120 

164 
509 

7 
4 


Inter- 
sections 


Structures 


9.800 


2.483 


225 

426 

287 

17 

98 
107 
170 
121 

9 

366 

22 

116 

250 
1  .119 


80 
1  1 
81 

8 

20 
14 
13 
29 

1 

lis 
19 
16 

51 

86 

2 

0 


3  .409 


549 


Railroad 
crossings 


39 


other 


141 


Total 


1  .111 
2.387 

2  098 
121 

680 
693 
488 
871 

109 

1  .516 

501 

706 

1  .115 

3  ,694 

274 

57 


16   421 


Table  4. — Number  of  accidents,  by  severity,  and   ratios  and  adjustment  factors 


State 


Colorado      

Connecticut  (1941) 
C<  nneeticut  (1946) 
Georgia 

Iowa 

Louisiana  . 
Minnesota.  . 
Nebraska 

New  Mexico. 
Oregon    .     . 
Pennsylvania 
Utah  ... 

Virginia.    . 
Waahinc-'on    ...... 

Wisconsin 
Wyoming 

Total      


Number  of  accidents 

Ratio  of — 

|    Adjust- 

Fatal 

Injury 

Other 

Total 

Total  to 
fatal 

Total  to 
fatal-plus- 
injury 

Injury  to 
fatal 

ment 
I     factor  i 

2  07 

46 

382 

683 

1  ,111 

24.2 

2  60 

8  3 

51 

1  ,018 

1  ,318 

2,387 

=  46.8 

2.23 

20  0 

1   07 

42 

758 

1  .298 

2.098 

2  50.0 

2  62 

18.0 

1   00 

8 

47 

66 

121 

15   1 

2.20 

5  9 

3.31 

30 

274 

376 

680 

22.7 

2.24 

9   1 

2  20 

22 

260 

411 

693 

'31  .5 

2.46 

11   8 

1   59 

10 

178 

300 

488 

'48  8 

2  60 

17.8 

1  02 

46 

406 

419 

871 

18  9 

1.93 

8.8 

2.65 

11 

59 

39 

109 

9  9 

1.56 

5.4 

5  05 

39 

288 

1  ,189 

1  .516 

-38  9 

4  64 

7.4 

1   29 

20 

193 

288 

501 

-  25  0 

2  35 

9  7 

2  00 

33 

283 

390 

706 

21    4 

2  23 

8.6 

«      2.34 

L02 

434 

579 

1  .115 

in  !i 

2  24 

4  3 

4  59 

84 

975 

2  .635 

3.694 

■44.0 

3  4!) 

11   6 

1   14 

9 

89 

176 

274 

'30.4 

2.80 

9  9 

1  64 

4 

27 

26 

57 

14.2 

1.84 

6  8 

3.52 

557 

5,671 

10,193 

16.421 

29  5 

2.64 

10.2 

I  Tv^'r'  b|V  V16  *'  ta'_t  "fatal  r.atj°'    J^  adjustment  factors  are  used  in  computing  the  type  1  accident  rates 
Type  2  accident  rates  are  computed  only  for  these  States  with  total-to-fatal  ratios  of  at  least  25  Ciaent  meS- 


(e.g.,  volume  of  traffic  on  the  intersecting 
road,  relative  width  of  bridge  roadway  and 
adjoining  pavement).  The  presence  of  an 
intersection  or  a  structure  was  treated  as 
a  break  between  highway  sections.  Each 
accident  was  assigned  to  the  highway  sec- 
tion where  it  occurred. 

The  basic  techniques  for  the  study  were 
devised  by  the  National  Safety  Council  in 
cooperation     with     the     Bureau     of     Public 
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Roads  in  1945,  following  a  pilot  study  on 
U  S  1  in  Virginia.  All  48  States  were  in- 
vited to  participate  in  the  study,  using  as 
data  the  1941  accidents  on  rural  sections 
of  the  National  System  of  Interstate  High- 
ways. Only  15  States  were  able  to  do  so, 
although  a  number  of  others  expressed  in- 
terest in  the  project.  The  year  1941  was 
selected  as  the  most  recent  in  which  driving 
conditions   were  "normal."     A   few   of   the 


States  used  other  years  (see  table  1),  and 
some  main  rural  highways  were  used  which 
are  not  part  of  the  National  System  of 
Interstate  Highways.  The  chief  obstacles 
to  wider  participation  by  the  State  high- 
way departments  were  insufficient  man- 
power to  prepare  the  strip  maps  and  the 
coding  sheets,  inability  to  locate  accidents 
accurately,  and  incomplete  accident  report- 
ing, in  the  sense  that  too  many  accidents 
went  unreported.  Two  brief  reports  of 
preliminary  findings  have  already  been  pub- 
lished.1 

The  participating  States  are  given  in 
figure  1  and  table  1.  For  each  State  the 
table  gives  the  year  for  which  accident 
records  were  submitted,  the  number  of  miles 
of  roadway  included  in  the  study,  and  the 
total  amount  of  travel  on  those  roads  dur- 
ing the  study  year.  (In  addition  to  1941 
dafa.  Pennsylvania  submitted  cards  for  ac- 
cidents in  the  first  5  months  of  1942,  but 
these  have  not  been  used  in  any  of  the 
analyses  covered  in   this  report.) 

The  data  were  recorded  on  tabulating 
cards,  the  coding  procedure  calling  for  two 
sets.  One  set.  called  highway  cards,  con- 
tains a  card  for  each  highway  section. 
The  second  set,  called  accident  cards,  con- 
tains a  card  for  each  accident.  In  figure  2, 
the  upper  picture  is  a  typical  highway  card; 
below  it  is  an  accident  card  representing  an 
accident  on  the  same  highway  section.  The 
first  56  columns,  which  identify  and  de- 
scribe the  highway  section,  are  identical  on 
the  two  cards.  This  makes  it  possible  to 
classify  accidents  according  to  various  high- 
way features  without  having  to  refer  to  the 
highway  cards. 

The  punch  in  column  57  indicates  which 
type  of  card  it  is.  The  remaining  columns 
serve  different  purposes  on  the  two  types  of 
cards.  On  a  highway  card  thev  give  the 
length  of  the  section  and  the  annual  ve- 
h'cle-mileage  of  travel  on  it.  On  an  acci- 
dent card  these  columns  contain  informa- 
tion about  the  circumstances  of  the  acci- 
dent. 

A  third  type  of  card,  the  summary  card, 
has  recently  been  punched  and  used  in  some 
of  the  later  analyses.  There  is  one  of  these 
cards  for  each  highway  section,  with  the 
columns  at  the  end  of  the  card  containing 
information  about  the  number  of  accidents  ' 
on   the  section. 

IS  timber  of  Accidents 

Tables  2-4  indicate  the  size  of  the  study. 
Table  2  shows  the  number  of  highway  sec- 
tions in  each  State,  subdivided  by  types  of 
roadway  elements.  Nearly  half  of  the 
32,091  highway  cards  represent  tangent  sec- 
tions, and  one-fourth  represent  curve  sec- 
tions. About  two-thirds  of  the  remainder 
(21    percent  of  the  total)    represent  inter- 


1  .4  plan  for  relating  traffic  accidents  to  highway 
elements,  bv  C.  F.  McCormack.  American  Association 
of  State  Highway  Officials  Convention  Group  Meet- 
mi'!..  1944,  pp.  117-119.  The  relation  of  highway 
design  to  traffic  accident  experience,  by  D.  M.  BaVl- 
win.  American  Association  of  State  Highway  Officials 
Convention   Group    Meetings.    1946,    pp.    103-109. 
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sections,  and  the  rest  are  for  structures, 
railroad  crossings,  toll  stations,  and  transi- 
tions of  various  kinds. 

Table  3  shows  similar  information  re- 
garding the  accident  cards.  In  all,  there 
were  16,421  accidents,  of  which  60  percent 
were  on  tangents  and  16  percent  on  curves. 

Table  4  classifies  the  cards  by  severity  of 
accident  within  each  State.  There  are 
cards  for  557  fatal  accidents,  5,671  per- 
sonal-injury accidents,  and  10,193  property- 
damage  accidents. 

Table  4  also  lists  certain  ratios  for  each 
State.  The  ratio  of  the  total  number  of 
accidents  to  the  number  of  fatal  accidents 
is  a  rough  measure  of  the  completeness 
of  accident  reporting.  It  has  its  limita- 
tions, however,  for  while  all  fatal  accidents 
are  probably  reported,  it  is  most  unlikely 
that  the  true  total-to-fatal  ratio  is  the 
same  in  every  State.  In  any  event,  this 
ratio  is  the  basis  of  an  adjustment  which 
is  used  in  some  of  the  rate  computations. 

The  ratio  of  all  accidents  to  those  in- 
volving either  deaths  or  injuries  (fatal- 
plus-injury)  has  a  similar  interest.  It 
might  also  be  used  for  adjustments,  but 
this  has  not  been  done  so  far.  This  ratio 
varies  much  less  among  the  different  States 
than  does  the  total-to-fatal  ratio.  The 
table  also  shows  the  ratio  of  the  number 
of  injury  accidents  to  the  number  of  fatal 
accidents  in  each  State,  and  the  last  column 
of  table  4  lists  the  adjustment  factors  (ob- 
tained by  dividing   50   by  the   total-to-fatal 


ratios)  which  are  used  in  computing  the 
type  1  accident  rates,  as  explained  subse- 
quently. 

Method  of  Analysis 

It  was  difficult  to  decide  how  to  combine 
the  detailed  data  from  different  States.  The 
reporting  requirements  vary,  and  it  can- 
not be  assumed  that  the  reporting  laws 
are  fully  complied  with  in  every  State. 
There  are  three  essentially  different  ways 
of  dealing  with  this  problem.  One  way 
is  to  use  a  system  of  weights  involving-  an 
adjustment  factor  for  each  State.  A  State 
which  is  believed  to  report  only  half  its 
accidents  would  have  an  adjustment  factor 
of  2,  so  that  each  reported  accident  would 
count  as  two  adjusted  accidents.  This  is 
substantially  the  approach  that  was  used 
by  McCormack  and  Baldwin  in  their  earlier 
reports  of  preliminary  findings  from  this 
study.  The  trouble  with  adjustments  is 
that  they  give  the  most  weight  to  the  least 
reliable  data,  and  that  the  adjustment  fac- 
tors are  computed  on  the  basis  of  a  dubious 
assumption. 

A  second  approach  would  dispense  with 
adjustments  but  would  use  only  the  data 
from  States  whose  reporting  meets  a  cer- 
tain standard.  This  avoids  the  distortions 
caused  by  the  adjustment  process,  but  it 
has  the  drawback  of  reducing  the  amount 
of  usable  data.  A  variation  of  this  ap- 
proach would  use  only  the  fatal  accidents 
(in  all  the  States),  or  only  the  fatal  and 
injury   accidents.      To   use   only   fatal    acci- 


Table  5. — Accident  rates  on  tangents,  by   grade  and  roadway   type 

[rates  are  per  million  vehicle-miles] 


Grade,  in  percent 

Accidents  on 

Accidents  on 

Accidents  on  four-lane  roads 

two- lane  roads 

three-lane  roads 

Undivided 

Divided  ' 

Controlled  access 

Number 

Rate 

Number 

Rate      Number 

Rate 

Number 

Rate 

Number 

Rate 

Type  1  Accident  Rates  (All  States,  Adjusted) 

Less  than  3 

3-3.99 

5.442 

321 

253 

322 

86 

49 

3.7            194   ,         6  1        1,043 
4.0              18  I         5.6            136 

3.6               6            7.7             65 

4  4                3   I 

6.0 
7.1 
6.8 
6.8 
10.2 
10.1 

827 

83 

56 

9 

1 

6 

4.7 
3.4 
4.4 
3  6 
1.4 
15  6 

504 
139 
59 
46 
13 
13 

2.2 
2.9 
1.6 

2   1 
1.7 
1.5 

4-4.99 

5-5.99 .... 

6-6.99 

7  or  more 

4.0                1 
3.9                5 

10.0              29 
14.4  j           26 

Less  than  3 

3  or  more 

5,442 
1  ,031 

3.7            194 
4  0              33 

6.1        1 ,043 
6.8            305 

6.0 
7.5 

827 

155 

4.7 

4.1 

504 
270 

2.2 
2.3 

Type  2  Accident  Rates  (Selected  States,2  Without  Adjustment) 

3.507 

219 

175 

259 

50 

48 

3.0            100 
3.3              14 
2.7                1 
4.2  1            0 
2.9               0 
3.7               0 

6  5             644 

3.3 
3.5 
2.0 
3.7 

6  3 

701 

78 

43 

6 

1 

0 

3.0 
2.5 
3.0 
1.8 
2.5 

504 
139 
59 
46 
13 
13 

1.6 
1.7 
1.5 
14 
1.6 
1.5 

1.6 

1.6 

3-3.99 

4-4.99 

3.4 
1.2 

78 
12 
18 

5-5.99 

6-6.99 .  . 

0 

7  or  more 

5 

Less  than  3 

3,507 
751 

3.0           100 
3.4  ,            15 

i;  5 
2.7 

644 
113 

3.3 
3.4 

701 
128 

3.0 
2.6 

504 

270 

Type  3  Accident  Rates  (All  States,  Without  Adjustment) 

5,442 

321 

253 

322 

86 

49 

2  2 
2.3 
2.2 
3.1 
2.2 
3.7 

194 

18 

6 

3 

1 

2  6 
2.5 
2.3 
.9 
2.0 

1  ,043 
136 
65 
49 
29 
26 

2.7 
2.8 
2.0 
2.3 
2.4 
2.6 

827 

83 

56 

9 

1 

6 

2.9 
2.5 
2.6 
1.8 
1  .4 
3.3 

504 
139 
59 
46 
13 
13 

1.6 
1    7 
15 
1.4 
1.6 
1.5 

3-3.99 .... 

4-4.99 

5-5.99 

6-6.99.  .  . 

7  or  more 

5 

3   1 

Less  than  3 

5,442 
1,031 

2.2 
2.5 

194 

33 

2.6        1 ,043 
2.2            305 

2.7 

2.4 

827 
155 

2.9 

2.5 

504 
270 

1.6 
1.6 

1  Excluding  highways  with  controlled  access.     This  applies  to  all  the  tables. 

2  States  havine  a  total-to-fatal  ratio  of  25  or  more.     This  applies  to  all  the  tables. 


dents  is  impractical,  however,  for  it  would 
reduce  the  study  to  only  557  accidents.  The 
use  of  both  fatal  and  injury  accidents  has 
more  to  commend  it,  but  there  would  still 
be  a  heavy  reduction  in  the  amount  of  data 
available  for  analysis.  Moreover,  it  is 
doubtful  that  fatal  (or  fatal  and  injury) 
accidents  are  affected  by  highway  features 
in  the  same  way  as  accidents  of  all  degrees 
of   severity  combined. 

The  third  approach  is  to  ignore  the  prob- 
lem altogether  and  simply  count  the  acci- 
dents in  all  the  participating  States,  irre- 
spective of  the  variation  in  reporting  stand- 
ards.  For  all  its  crudeness,  this  method 
turns  out  to  be  generally  superior  to  the 
other  two. 

All  three  of  these  approaches  have  been 
used.  (The  choice  among  them  is  ex- 
plained in  the  final  section  of  the  report.) 
In  the  ensuing  discussion  they  will  be  called 
type  1  rates,  type  2  rates,  and  type  3  rates, 
respectively.  The  type  1  rates  use  all  the 
participating  States,  with  the  number  of 
accidents  in  each  State  multiplied  by  the 
adjustment  factor  given  in  the  last  column 
of  table  4.  The  type  2  rates  do  not  use 
adjustments,  and  include  only  those  States 
having  a  total-to-fatal  ratio  of  at  least  25. 
The  type  3  rates  use  all  the  participating 
States,  without  adjustment.  Use  of  the 
adjustment  factors  involves  the  assumption 
that  the  total-to-fatal  ratio  would  be  the 
same  in  every  State  if  the  reporting  stand- 
aids  were  identical.  There  is  at  least  one 
State  in  the  present  study  for  which  this 
assumption  is  clearly  unreasonable  (see  dis- 
cussion of  Virginia,  p.  177). 

Once  it  has  been  decided  which  mate- 
rial to  use  and  whether  the  count  should  be 
of  actual  or  of  adjusted  accidents,  the  proc- 
ess of  computing  a  rate  involves  (1)  count- 
ing the  total  number  of  accidents  on  sections 
in  a  particular  category,  (2)  adding  up  the 
total  vehicle-mileage  on  these  sections,  and 
(3)  dividing  the  former  sum  by  the  latter 
to  get  the  rate  in  terms  of  accidents  per 
million  vehicle-miles.  To  study  the  effect  of 
grade,  for  example,  the  highway  sections 
are  divided  into  several  groups  on  the  basis 
of  their  grades.  Then  the  rates  for  these 
groups  are  computed  and  examined  to  see 
if  there  is  a  steady  trend  or  other  close  re- 
lation between  accident  rate  and  grade.  If 
the  rates  show  indications  of  a  trend  but  are 
somewhat  irregular,  it  is  possible  to  make 
a  statistical  test  of  whether  or  not  a  trend 
really  exists. 

The  slope  of  the  "best"  straight  line — 
the  regression  coefficient — is  computed,  with 
each  rate  weighted  in  proportion  to  the 
amount  of  travel  on  which  it  is  based.  Also 
computed  are  the  confidence  limits  of  this 
slope,  from  which  one  can  tell  at  a  glance 
how  reliable  the  estimated  slope  is  and 
whether  or  not  it  is  significantly  different 
from  zero.  These  quantities  are  presented 
in  those  cases  where  they  will  aid  in  under- 
standing the  analyses. 

For  those  to  whom  the  correlation  coeffi- 
cient is  more  familiar  than  the  regression 
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coefficient,  it  should  be  pointed  out  that  the 
two  are  closely  related.  {b  =  rau/at  ,  where 
b  is  the  regression  coefficient,  r  the  correla- 
tion coefficient,  and  a„  and  a,  the  standard 
deviations  of  y  and  x  respectively.)  The 
significance  of  the  departure  of  b  from  zero 
is  the  same  as  that  for  r.  The  use  of  b  has 
two  advantages,  however,  over  the  use  of 
r:  (1)  it  is  of  more  inherent  interest,  since 
it  may  be  more  important  to  know  about  a 
relationship  of  steep  slope  with  low  reli- 
ability than  one  of  small  slope  with  high 
reliability;  (2)  if  the  true  relationship  is 
a   straight  line,   the   estimated   value  of    b 


is  normally  distributed  while  that  of  r  is 
highly  skewed.  So  the  estimate  of  6  is  much 
less  affected  by  sample  size  than  that  of  r. 

For  study  purposes  the  highway  sections 
have  been  classified  as  tangents,  curves, 
intersections,  structures,  and  miscellaneous 
(railroad  grade  crossings,  toll  stations,  and 
transitions  in  width  of  roadway  or  median). 
These  are  further  subdivided  according  to 
the  number  of  lanes  on  the  study  route. 

Some  of  the  material  is  presented  in 
tables,  some  in  bar  graphs.  Most  of  the 
tables  present  the  three  types  of  accident 
rates  already  described.     As  a  guide  to  the 


reliability  of  the  various  rates,  there  is 
presented  along  with  each  rate  the  actual 
number  of  accidents  on  which  it  is  based. 

The  graphs,  with  one  exception,  show 
only  the  type  3  rates,  i.e.,  the  ones  that  use 
accidents  from  all  the  States  without  any 
adjustments.  On  these  graphs  the  bars 
differ  in  width  according  to  the  number  of 
vehicle-miles  on  which  each  rate  is  based. 

Tangents :  Effect  of  Grade 

Two-  and   three-lane   roads 

Table  5  shows  how  the  accident  rates  on 
tangents    vary    with    the    gradient    of    the 
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Figure  3   (above). — Accident  rates  on  tangents,  by  volume  of  traffic. 

Figure  4  (right). — Accident  rates  on  curves,  by  degree  of  curvature. 


A  -TWO-LANE    CURVES 

_.l    1     1 

1 

■II II 1 

■■Jul 

3            2°          4°          6° 

I 

8°         10°        12°        14*        16* 

i       ii 
18*         20 

'        22 

B  -THREE-LANE     CURVES 

to 

U        3 

Q.         3 

■ 

.■■ 

| 

rn       0 

ill 

1 

i       i      i 

8°         10*        12°        14°        16*        18*        20*      22° 


s 

5 
4 
3 

0 

C  -FOUR-LANE    UNDIVIDED    CURVES 

UJ 

—I 
o 

X 

m 

> 

z 

o 

c 

1            2°          4° 

6° 

8° 

10*        12°        14°        16*        18*        20 

*       22 

=      14 

*      13 

K      12 
til 

0.       >' 

<n     l0 

►-        9 

Z 

UJ       8 

O 

—        7 

O 

O       6 

**       5 

4 

3 

2 


D  -  FOUR-LANE    DIVIDED    CURVES 

WIDTH  OF  BARS  INDICATES 

RELATIVE  VEHICLE-MILEAGE 

OF  TRAVEL. 

■ 

■  ll 

L-lll, 

— < T— 

i 1 1 1 1 1 1 1 1 1 — 

2* 


10°       12°        14°        16°        18°        20°      22° 


Mil 


E    -FOUR-LANE    DIVIDED    CURVES, 
WITH    CONTROLLED    ACCESS 


8°  10 

CUR  VAT  U  R  E 


-i — i — i — i — i — i — i — 
12°        14*        16*        18* 


—i 1 1 

20°       22° 


174 


June  1953  •   PUBLIC  ROADS 


P||l 


Table  6. — Accident  rates  on  tangents,  by  volume  of  traffic  and  roadway  type 


[rates  are 

per  million  vehicle-miles] 

Average  daily  traffic 

Accidents  on            Accidents  on 

Accidents  on  four-lane  roads 

two-lane  roads 

three-lane  roads 

Undivided 

Divided 

Controlled  access 

Number 

Rate 

Number 

Rate 

Number 

Rate 

Number 

Rate 

Number 

Rate 

Type  1  Accident  Rates  (All  States,  Adjusted) 

0-4,900    

5,007 
1,396 

71 
0 

3  6 
4.3 
3.6 

79 

102 

46 

0 

5.3 
6.6 
10.4 

129 
481 
422 
317 

5.6 
7.3 
6.9 
4.1 

25 
388 
465 
126 

3  1 
4.0 
5.3 
5.1 

265 

3 

166 

340 

4.0 
2  1 
1.4 
1.5 

5,000-9,900 

10,000-14.900 

15,000  or  more 

Type  2  Accident  Rates  (Selected  States,  Without  Adjustment) 

0-4,900   

2,868 

1.320 

71 

0 

2.9 
3.8 
3  3 

5 
64 
46 

0 

2  0 
4.8 
8.1 

18 
117 
309 
314 

1.4 
3.2 
3.5 
3.7 

19 

'.'SI  I 

380 
126 

1.4 
2.4 
3.5 
4.4 

265 

3 

166 

340 

2.0 
2.1 
1.4 
1.5 

5,000-9,900 

10,000-14.900 

15,000  or  more 

Type  3  Accident  Rates  (All  States,  Without  Adjustment) 

0-4,900              

5,007 

1  .396 

71 

° 

2.1 
3.6 
3.3 

79 

102 

46 

0 

1.6 
2.9 
8.1 

129 
481 
422 
317 

1.6 
2.2 

25 

388 

1.6 

2.4 
3.4 
4.4 

265 

3 

166 

340 

2.0 
2.1 
1.4 
1.5 

5,000-9,900 

10.000-14,900 

15,000  ir  more 

3.5 
3.6 

465 
126 

Table  7. — Accident  rates  on  two-lane  tangents,  by  width  of  pavement 

[rates  are  per  million  vehirle-miles] 


Pavement  width,  in  feet 

Number  of  accidents  and  accident  rate  for — 

Type  1  accident  rate 
(all  States, 
adjusted) 

Type  2  accident  rate 

(selected  States, 

unadjusted) 

Type  3  accident  rate 
(all  States, 
unadjusted) 

Number 

Rate 

Number 

Rate 

Number 

Rate 

246 

1,795 

3,263 

506 

299 

45 

47 

47 

132 

5.5 
4.0 
3.4 
4.7 
3.8 
2.4 
4.0 
3.3 
4.6 

246 

742 

2,434 

359 

138 

38 

47 

42 

132 

81 

3  3 
2.9 
3.0 
3.1 
3.9 
1.9 
3.6 
3.4 
3.6 
2.8 

246 
1.795 
3.263 

506 

299 
45 
47 
47 

132 
94 

4.3 
2.1 
2.3 
2.6 
1.9 
1.6 
3.3 
2.5 
3.6 
2.5 

18    .                                    

20    ....             

23  or  24 

25 

26                                                                 

27                                      

28                                                    .      

29  or  more 

94 

3.1 

highway.  On  two-lane  roads  there  does  not 
appear  to  be  any  particular  relation  between 
accident  rate  and  grade,  no  matter  which 
of  the  three  rate  types  is  considered.  (This 
statement  refers  to  the  total  correlation  be- 
tween accident  rate  and  grade,  ignoring  all 
other  highway  features.  It  may  be  that, 
whi  n  the  appropriate  other  features  are 
held  constant,  there  is  a  significant  partial 
correlation.  All  the  statements  which  will 
be  made  in  connection  with  single-factor 
analyses  refer  to  total  correlations  only.) 

For  each  of  the  three  types  the  slope  (re- 
gression coefficient)  is  positive,  i.e.,  the  ac- 
cident rate  tends,  on  the  average,  to  increase 
as  the  grade  increases.  However,  none  of  the 
three  slopes  is  significantly  different  from 
zero  at  the  5-percent  level  of  significance. 
(The  5-percent  level  is  widely  used  in  sta- 
tistical analyses.)  This  means  that  the 
amount  of  scatter  is  such  that  there  is  more 
than  a  5-percent  chance  that  the  true  slope 
may  be  zero  or  negative. 

The  three  types  of  accident  rates  differ 
considerably.  The  type  1  rate  is  the  high- 
est, because  it  includes  accidents  which  are 
assumed  to  have  occurred  without  being  re- 
ported. The  type  3  rate  is  the  lowest,  be- 
cause it  uses  only  the  accidents  that  were 


actually  reported  and  includes  States  in 
which  the  reporting  is  known  to  be  poor. 
The  type  2  rate  is  in  between.  It  might  be 
thought  that  this  rate  would  be  the  most 
reliable,  because  it  includes  only  the  acci- 
dents actually  reported  in  States  where  re- 
porting is  presumed  to  be  good;  but  it  suf- 
fers from  being  based  on  a  smaller  sample 
than  the  other  two  types  of  rates. 

A  disturbing  feature  in  all  three  types 
of  rates  is  the  large  amount  of  apparently 
meaningless  fluctuation.  For  example,  the 
type  2  rate  takes  the  values  3.0,  3.3,  2.7,  4.2, 
2.9,  and  3.7  as  the  grades  increase  steadily. 
These  fluctuations  are  too  large  to  be  due 
to  sampling  variation.  They  cannot  be  a 
result  of  the  adjustment  process,  for  they 
are  just  as  prominent  in  the  unadjusted 
rates  (types  2  and  3)  as  in  the  adjusted 
one;  anyway,  the  same  effect  is  found  within 
individual  States.  Nor  are  they  peculiar 
to  the  effect  of  grade;  similar  fluctuations 
occur  with  most  other  highway  features. 
They  may  be  due  to  the  oversimplification 
caused  by  studying  only  one  or  two  features 
at  a  time  while  ignoring  all  the  rest,  or  they 
may  be  a  result  of  the  difficulty  in  obtain- 
ing absolutely  accurate  data.  This  could 
have  the  effect  of  obscuring  relations  which 


really  exist.  There  is  some  evidence  to 
support  the  latter  belief.  After  submitting 
the  data  for  the  present  study,  Minnesota 
conducted  another  study  of  the  same  high- 
way which  in  some  respects  parallels  the 
work  being  described  here.  The  collection 
of  data  was  all  new,  none  of  the  informa- 
tion being  carried  over  from  the  earlier 
work.  Very  great  care  was  used  in  check- 
ing all  information,  particularly  with  re- 
gard to  the  exact  locations  of  accidents. 
The  value  of  this  care  is  demonstrated  by 
the  greater  consistency  of  the  results  in 
their  report.2 

To  sum  up,  the  accident  rate  on  two-lane 
tangents  does  not  appear  to  be  significantly 
affected  by  grade. 

On  three-lane  tangents,  as  on  the  two- 
lane  tangents,  most  of  the  travel  was  on 
roads  of  less  than  3-percent  grade.  Large 
fluctuations  are  present  in  the  accident 
rates,  and  no  reliable  relation  is  found  be- 
tween accident  rate  and  the  percentage  of 
grade.  The  slopes  for  the  types  1  and  3 
rates  lack  statistical  significance,  as  with 
the  two-lane  roads.  The  type  2  rate  has 
a  significant  negative  slope,  with  the  rate 
declining  as  the  grades  become  steeper;  but 
the  decline  is  meaningless  because  of  a 
peculiar  distribution  of  travel  among  the 
different  States.  The  high  rate  for  roads 
of  less  than  3-percent  grade  is  caused  en- 
tirely by  the  figures  from  one  State,  Oregon, 
which  included  no  roads  with  higher  grades. 
If  Oregon  data  are  excluded  from  the  type 
2  rate,  the  significant  relation  disappears. 

Four-lane  roads 

-On  four-lane  tangents  without  a  median, 
it  seems  unlikely  that  the  grade  has  any 
effect  on  the  accident  rate,  even  though  the 
type  1  rate  does  have  a  significant  upward 
slope  of  0.69  ±  0.48  per  percent  of  grade. 
(This  means  that  the  rate  increases  by 
about  0.69  for  each  1 -percent  increase  in 
the  grade.  There  is  a  95-percent  chance 
that  the  true  slope  is  between  0.69  —  0.48  = 
0.21  and  0.69  +  0.48  =  1.17).  The  type  3 
rate,  which  uses  the  very  same  accidents 
and  vehicle-mileage,  tends  to  become  smaller 
as  the  grades  increase  but  in  a  way  that  does 
not  indicate  a  statistically  significant  trend. 
The  type  2  rate  is  irregular  but  shows  a 
slight  tendency  to  increase  as  the  grades 
increase. 

This  is  an  example  of  how  each  type  of 
accident  rate  can  point  to  a  different  con- 
clusion. It  appears  that  grades  in  the 
range  used  on  main  rural  highways  do  not — 
when  other  factors  are  ignored — have  any 
appreciable  effect  on  the  accident  rate  for 
four-lane  undivided  tangents,  especially  in 
view  of  the  fact  that  the  significant  rate 
of  increase  for  the  type  1  rate  is  the  result 
of  a  peculiar  circumstance  which  distorts  the 
true  picture.  Virginia,  whose  adjusted  ac- 
cident rate  is  much  higher  than  that  of  any 
of  the  other  States,  contributes  increasing 
proportions  of  the  total  travel  as  the  grades 


2  Minnesota  Rural  Trunk  Highway  Accident.  Access 
Point  and  Advertising  Sign  Study   (1951). 
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Table   8. — Accident   rates   on   two-lane   tangents,   by   width   of   shoulders 

per  million  tehiclc-miles] 


Number  of  accidents  and  accident  rate  for- 


Sho  ilder  width,  in  feet 


Type  1  accident  rate 
(all  States, 
adjusted) 


Number 


10 

2  .673 
5-7  9  2  ,789 

525 
Hi  or  more  ■    ■  476 


Rate 

2  9 

3  9 
3.6 

3.6 
4.1 


Type  2  accident  rate 

(selected  States, 

unadjusted) 


Number 

3~ 

2,012 

1  ,556 

338 

350 


Rate 


0  8 
3.1 
3.1 
3.0 
3.3 


Type  3  accident  rate 
(all  States, 
unadjusted) 


Number 


10 

2  ,673 

2  .789 

525 

476 


Rate 

1~~4~ 
2.6 
2  0 
2.4 


Table  9. — Accident  rates   (type  3)   on  two-lane  tangents,  by  volume  of  traffic, 
pavement    width,   and    shoulder   width 

|ra(es  are  per  million  vehicle-miles] 


Pavement  width. 

Ni 

Less  than  5  feet 

mber  of  accidents  and  accident  rate  when  shoulc 

er  width  is — 

5  to  7.9  feet 

8  to  9.9  feet 

10  feet 

or  more 

Total 
Number       Rate 

Number 

Rate 

Number       Rate 

Number 

Rate 

Number 

Rate 

Traffic  Volume  0  to  4,900  Vehicles  per  Day 

16  or  less 

18 

20 

97 

679 

991 

193 

67 

35 

2.8 
2.0 
2.7 
2  4 
2.5 
2.3 

96 

871 

1  ,027 

25 
167 

61 

5.2 
2.1 
1.6 
1.4 
1.5 
1.6 

0 

82 

223 

65 

16 

0 

2.0 
1.8 
2.5 
2.1 

1 
58 
66 

117 

9 

55 

3.3 
3.8 
1.6 
2.9 

2.7 
2.6 

194 
1  .690 
2.307 
400 
259 
151 

3.6 
2.1 
2.0 
2.4 
1   7 
2.1 

21-22 

23-24 

Total    . 

2,062 

2.4 

2,247 

1.8 

386 

2.0 

306 

2.5 

5.001 

2.1 

5.000-9.900  Vehicles  per  Day 

4 
14 
469 
49 
13 
33 

4.0 
1.7 
3.5 
3.0 
9  3 
3.9 

48 
73 
237 
29 
27 
88 

20.0 
3.5 
3.0 
2.7 
7.3 
2.9 

0 

12 

104 

23 

0 

0 

2.0 

7  9 

11.5 

0 
2 

71 
5 
0 

92 

2.5 
2.9 
1.7 

4.4 

52 
101 
881 
106 

40 
213 

15.3 
2.8 
3.5 
3.3 
6.8 
3.6 

18.... 

20. 

21-22 
23-24 

Total   . 

582 

3.4 

502 

3.4 

139 

6.3 

170 

3.5 

1  ,393 

3.6 

All  Volumes 

101 
693 

1  .497 

242 

80 

68 

2.8 
2.0 
2.9 
2.5 

2.8 
2.8 

144 
944 

1  .297 

54 

194 

150 

7.0  0 

2.1  j           94 

1.8  327 

1.9  88 
1   7              16 

2.2  0 

2.0 

2.4 
3.2 
19 

1 

60 

137 

122 

9 
147 

3.3 
3.7 

2.1 
2.8 
2.7 
3.5 

246 
1  ,791 
3,258 
506 
299 
365 

4.3 
2   1 
2.3 
2.6 
19 
2.7 

is 

20 

21-22 

23-  '.'4 

25  or  more 

Total 

2,681 

2.6 

2,783 

2.0            525 

2.4 

476 

2.8 

6  .465 

2.2 

Tabh 


10. — Accident   rales   on   two-lane   tangents,   by   frequency    of   curves 

[rales  ore  per  million  vehicle-miles] 


Number  of  curve?  per  mile 

Number  of  accidents  and  accident  rate  for — 

Type  1  accident  rate 
(all  States, 
adjusted) 

Type  2  accident  rate 

(selected  States, 

unadjusted) 

Type  3  accident  rate 
(all  States, 
unadjusted) 

Number 

Rate 

Number 

Rate 

Number 

Rate 

0-0  4 

1  ,251 

1  ,463 

580 

771 

588 

552 

806 

405 

55 

0 

4.0 
3.9 
3.4 
3.4 
4.2 
3.1 
3.8 
3.2 
5.5 

442 
649 
329 
573 
492 
,-,os 

SO.) 

405 

55 

0 

3.1 
3.4 
2.7 
2.4 
3.8 
3.0 
3.5 
3.0 
4.3 

1,251 

1,463 

580 

771 

588 

552 

806 

405 

55 

0 

1.7 

2.1 
2.0 
2.2 
3.1 
2.6 
3.5 
3.0 
4.3 

0.5-0 

1.0-1.4. 

1.5-1.9 
2.0-2.9. 

3.0-3.9. 

4.0-4.9. 
5.0-5.9.  . 

6.0-6.9.  . 

7  or  more     . 

tween  grade  and  accident  rates.  In  these 
analyses  the  roads  have  been  classified  only 
by  grade,  so  it  remains  possible  that  grade 
may  have  some  effect  on  the  accident  rate 
when  the  appropriate  other  features  are 
held  constant. 

Tangents:  Effect  of  Volume 
Two-  and   three-lane  roads 

Figure  3A  shows  how  the  accident  rate 
on  two-lane  tangents  varies  with  the  aver- 
age daily  traffic  when  all  other  character- 
istics of  the  highway  section  are  ignored. 
This  is  a  typical  example  of  the  type  of  bar 
graph  used  in  this  report.  Each  bar  con- 
veys three  distinct  pieces  of  information. 
The  height  of  the  bar  indicates  the  type  3 
accident  rate  for  the  set  of  roads  which  the 
bar  represents.  The  horizontal  position  of 
the  bar  indicates  the  average  daily  traffic 
volume  on  the  roads  represented.  The  width 
(thickness)  of  the  bar  indicates  the  number 
of  vehicle-miles  of  travel  on  which  the  rate 
is  based.  No  scale  is  shown  for  these  widths, 
since  it  is  only  the  relative  widths  that 
matter.  The  scales  are  different  in  each 
graph. 

To  be  specific,  the  first  bar  in  figure  3A 
shows  that  the  type  3  rate  is  1.3  for  roads 
carrying  from  0  to  900  vehicles  per  day. 
The  next  bar  shows  the  rate  to  be  1.6  for 
roads  carrying  from  1,000  to  1,900  vehicles 
per  day,  and  that  this  rate  is  based  on  about 
five  times  as  much  experience  as  the  first 
rate.     And  so  on. 

The  graph  suggests  a  definite  pattern, 
which  in  fact  is  the  same  for  all  three  types 
of  rates.  (Information  concerning  all  three 
types  of  rates  is  presented  in  table  6.)  The 
accident  rate  increases  steadily  with  in- 
creasing volume,  reaching  a  maximum  for 
roads  carrying  8,000  to  9,000  vehicles  per 
day.  Heavier  traffic  reduces  the  accident 
rate  somewhat,  presumably  because  the  ex- 
treme congestion  at  such  high  volumes 
makes  it  difficult  for  drivers  to  engage  in 
passing  maneuvers.  The  latter  point  is  of 
small  interest  to  the  highway  designer,  who 
would  hardly  recommend  two-lane  con- 
struction for  a  road  expected  to  carry  as 
many  as  9,000  vehicles  per  day. 

In  the  range  that  is  of  principal  interest 
the  relation  is  simple  and  straightforward: 
higher  traffic  volumes  mean  higher  accident 
rates. 

There  is  a  similar  increase  on  three-lane 
tangents,  as  shown  in  figure  3B.  The  type 
1  and  type  3  rates  both  increase  significantly 
as  the  traffic  volume  becomes  larger.  The 
information  for  the  type  2  rate  is  too  frag- 
mentary to  be  of  much  value. 


increase.  This  makes  the  type  1  rate  ap- 
pear to  increase,  even  though  there  is  no 
increase  when  Virginia  is  considered  by 
itself  or  when  all  the  other  States  are  con- 
sidered with  only  Virginia  excluded  (see 
further  discussion  of  Virginia,  p.  177). 

For  four-lane  tangents  having  a  median 
but  no  control  of  access,  the  accident  rates 


are  also  inconclusive.  None  of  the  slopes  is 
statistically  significant,  but  there  is  some 
tendency  for  the  rate  to  decline  as  the  grade 
increases.  On  four-lane  divided  roads  with 
controlled  access,  too,  the  grade  has  no 
particular  effect  on  the  accident  rates. 

In  summary,  on  tangent  highway  sections 
there  does  not  appear  to  be  any  relation  be- 


Four-lane  roads 

Figure  3C  represents  the  condition  on 
four-lane  undivided  tangents.  All  three 
types  of  accident  rates  have  a  pattern  simi- 
lar to  that  for  the  two-lane  tangents:  the 
rate  goes  up  until  a  certain  volume  is 
reached,  after  which  it  drops  down  again. 
But  the  three  types  of  rates  do  not  have 
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their  maxima  at  the  same  traffic  volume. 
The  type  1  rate  reaches  its  peak  between 
5,000  and  10,000  vehicles  per  day,  while 
the  type  2  and  type  3  rates  are  highest 
for  volumes  between  15,000  and  20,000.  The 
type  1  rate  would  have  its  peak  in  this  same 
range  if  the  Virginia  figures  were  omitted. 
The  Virginia  data  play  a  disturbing  role  in 
many  of  the  type  1  rates.  They  have  a  low 
total-to-fatal  ratio,  with  the  consequently 
high  adjustment  factor  of  4.59.  Yet  this 
adjustment  factor  seems  excessive,  for  the 
adjusted  accident  rates  are  usually  much 
higher  for  Virginia  than  for  the  other 
States.  For  example,  on  four-lane  undi- 
vided tangents  carrying  between  5,000  and 
9,900  vehicles  per  day,  the  adjusted  acci- 
dent rate  for  Virginia  is  10.4  while  it  is 
only  3.7  for  all  the  other  States  combined. 
Both  rates  are  based  on  more  than  200 
accidents. 

Figure  3D  shows  the  same  information 
for  four-lane  divided  tangents  without  con- 
trolled access.  The  pattern  is  the  same  as 
before,  with  the  accident  rate  going  up  as 
traffic  volume  increases.  If  there  is  any 
volume  above  which  the  accident  rate  begins 
to  drop,  it  is  beyond  the  range  of  these  data. 
for  which  the  maximum  volume  is  20,000 
vehicles  per  day.  The  type  1  rate  is  higher 
in  the  10,000  to  14,900  group  than  in  the 
15,000  to  19,900  group,  but  this  is  due  to 
the  peculiar  effect  of  Virginia  discussed 
previously. 

The  accident  rates  for  four-lane  divided 
roads  with  controlled  access  are  shown  in 
figure  3E.  The  rates  appear  to  be  some- 
what lower  for  high  volumes  than  for  low 
volumes,  but  the  appearance  is  misleading. 
The  volumes  under  5,000  come  almost  ex- 
clusively from  Pennsylvania,  while  the  vol- 
umes over  5,000  are  all  from  Connecticut. 
The  comparison  is  not  so  much  between  low- 
volumes  and  high  volumes  as  between  Penn- 
sylvania and  Connecticut.  Pennsylvania's 
accident  rate  is  higher  than  Connecticut's, 
even  though  the  average  volumes  are  4,000 
and  15,000  respectively.  Examination  of 
the  trend  within  each  State  shows  that  in 
Pennsylvania,  where  the  volumes  range 
from  3,000  to  5,000  vehicles  per  day,  the 
accident  rate  increases  steadily  with  in- 
creasing volume,  but  it  is  hard  to  draw  con- 
clusions from  such  a  small  range  of  vol- 
umes. In  Connecticut  the  range  is  wide, 
and  there  is  no  significant  trend.  The  evi- 
dence at  hand  does  not  indicate  that  traffic 
volume  has  any  particular  effect  on  the  ac- 
cident rate  on  four-lane  divided  tangents 
with  controlled  access. 

Summary 

The  foregoing  material  is  summarized  in 
table  6.  In  most  cases  the  average  daily 
traffic  has  a  considerable  effect  on  the  acci- 
dent rate  on  tangent  highway  sections. 
The  common  pattern  is  for  the  accident 
rate  to  increase  as  the  volume  increases. 
At  very  high  volumes  the  accident  rate 
usually  drops  somewhat,  probably  because 
of  congestion. 


Table  11. — Accident  rates   (type  3)   on  two-lane  tangents,  by   volume  of  traffic,  frequency 

of  curves,  and  length  of  tangent 


[rail  8  are 

per  million  rehicle-  miles] 

Number  of  curves 
per  mile 

Number  of  accidents  and  accident  rate  when  length  c 

f  tangent 

is — 

Less  than  1  mile 

1  tc  1.9  miles 

2  to  2.9  miles 

3  miles 
Number  i 

n  more 

Total 
Number '     Rate 

Number 

Rate 

Number 

Rate 

Number 

Rate 

Rate 

Traffic  Volume  0  to  4,900  Vehicles  per  D 

1Y 

Less  than  0.5 
0.5-0.9.    . 
3-1  9 

66 
213 
492 

:«2 
1,071 

1.9 

19 

2.0 

2  7 
2  '.) 

64 

279 

232 

51 

95 

1.5 
2,2 
1.7 
2.8 
2  4 

135 
197 

75 
4 

26 

2.5 
2.0 
1.5 
1.0 

2.8 

881 

466 

231 

7 

26 

1.6 
1.5 
2.6 
3.3 
4  9 

1  .146 
1  .155 
1  ,030 
404 
1  .218 

1.7 
1  .8 
2.0 

2.7 
2.9 

Total ... 

2  ,184 

2.5 

721 

2.0 

4:;7 

2.0 

1  ,611 

1.7 

4.953 

2.0 

".,1)00-9.900  Vehicles  pek  Day 

Less  than  0.5 

0.5-0.9.    . 

16 

88 

190 

128 

408 

8.4 
4.7 
2.9 
4  1 
3  2 

0 
17 
33 
51 
93 

3.5 
1.4 
5.3 

4.8 

0 
119 
0 
0 
19 

4.9 
5  3 

68 
63 
45 
0 
31 

4  0 
3.8 
3.8 

8  4 

84 
287 
268 
179 
551 

4.4 
4.5 
2.6 
4.3 
3.6 

1-1.9, 

2-2.9 

Total      .. 

830 

3.4 

194 

3.4 

138 

4.8 

207 

4.2 

1  ,369 

3.6? 

All  Volumes 

Less  than  0.5 

0.5-0.9 

82 

301 

714 

470 

1,488 

2  2 
2  :: 
2.2 

3.0 
2  9 

64 
296 
265 
102 
188 

1 . 5            135 
2.2            316 

1.7  I           75 
3  7                4 
3.7  i           73 

2.5 
_'  6 
1.5 
1.0 
4    1 

949 
529 

276 

7 

57 

1,6 
1.6 
2  s 
3.3 
6  3 

1  .230 
1  ,442 
1  ,330 
583 
1  .806 

1.7 
2.0 
2.1 
3.1 
3.1 

1-1.9 

2-2.9 

3  or  more 

Total,. 

3  ,055 

2.7 

915 

2.2  i         603 

2.4 

1,818 

1.8 

6  ,391 

2.3 

Table  12. — Accident  rates  (type  3)  on  two-lane  tangents,  by  volume  of  traffic,  frequency 
of  intersections,  and  frequency  of  structures 

[rales  are  per  million  vehirle-rrales] 


Number  of  intersections  per  mile 

Number  if  accidents  and  accident  rate  when  th 
per  mile  is — ■ 

e  number  of  structures 

Less  titan  one 

< »  le  or  more 

Total 

Number 

\ 
Rate 

Number 

Rate 

Number 

Rate 

Traffic  Volume  0  to  4,900  Vehicles  pek  Day 

357 
798 
2.425 
67.5 
359 

1.8 
1.9 
1.9 

2.8 
2.7 

19 

47 

280 

28 

13 

1.9 
1.3 

2.2 
7.6 
5.9 

376 
845 

2.705 
703 
372 

1.8 
1.8 
1.9 
2.9 
2.7 

4,614 

2.0 

387 

2.2 

5  ,001 

2.1 

5,00 

3-9,900  Vehicles  per  Day 

23 

23 

382 

553 

278 

5.0 

11    5 

4  :; 
:;  5 
2  . 5 

0 

0 

87 

48 

0 

23 

23 

469 

601 

278 

5.0 
11.5 

4   2 
3.8 
2.5 

i  0 
20.0 

1  .259 

3  5 

135 

5.6 

1  .394 

3.6 

All  Volumes 

380 

821 

2  ,835 

1  .262 

646 

1.9 

1  9 

2  1 

19 

47 
:;67 

1.9 
1.3 
2.5 
12.5 
5.9 

399              1.9 

868               1.9 

3,202              2.1 

1  ,338             3.2 

659               2.6 

3   1!                76 
2.6                   13 

5  .944 

2.2 

2.6 

6  .466   |            2  3 

As  between  the  different  types  of  roads 
at  the  same  volumes,  the  conclusions  depend 
on  which  type  of  accident  rate  is  examined. 
Judged  by  the  type  1  rate,  the  safest  roads 
at  volumes  below  10,000  vehicles  per  day 
are  the  four-lane  divided  roads  without 
controlled  access,  followed  closely  by  the 
two-lane    roads;     the    four-lane    undivided 


roads  are  the  worst  in  this  volume  range. 
Above  10,000  vehicles  per  day  the  four- 
lane  divided  roads  with  controlled  access  are 
far  and  away  the  safest,  while  the  three- 
lane  roads  have  much  the  highest  accident 
rates. 

The  type  3  rates  show  little  difference  be- 
tween road  types  for  volumes   under  5,000 
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Table    13. — Accident   rates   on   two-lane   tangents,   by   frequency   of 
roadside  establishments     (including  dwellings) 

{rates  are  per  million  vehicle-miles] 


Table    14. — Accident    rates    on    two-lane    tangents,    by    frequency    of 
sight-distance  restrictions 

[rates  are  per  million  vehicle-miles] 


Number  of 

establishments 

per  mile 

Number  of  accidents  and  accident  rate  for — 

Type  1  accident  rate 
(all  States, 
adjusted) 

Type  2  accident  rate 

(selected  States, 

unadjusted) 

Type  3  accident  rate 
(all  States. 
unadjusted) 

Number 

Rate 

Number 

Rate 

Number 

Rite 

0-0.9 

1.0-4.9 

5.0-9.9 

10.0-19.9.  .  . 
20.0-49  9 
50  or  more. 

650 

2,131 

1  .567 

1  ,770 

356 

0 

4  3 
3.4 
4.4 
3.5 
4.0 

220 

904 

1  ,205 

1  ,637 

293 

0 

5  3 
2.6 
3.3 
3.2 
2.9 

650 
2.131 
1.567 
1  ,770 

356 
0 

1.8 
1.8 
2.9 
2  9 
3.1 

Number  of 

restrictions 

per  mile 

Number  of  accidents  and  accident  rate  for — 

Type  1  accident  rate 
(all  States, 
adjusted) 

Type  2  accident  rate 

(selected  States, 

unadjusted) 

Type  3  accident  rate 
(ail  States, 
unadjusted) 

Number 

Rate 

Number 

Rate 

Number 

Rate 

0-0.9 

3,472 

1,061 

891 

684 

354 

12 

3  7 
4.3 
4.1 
3.3 
3.1 
2.7 

1.833 
588 
811 
661 
354 
12 

2.8 
4.0 
3.4 
3.0 
2.9 
2.7 

3.472 

1  .061 

891 

684 

354 

12 

2.0 
2.5 
3.1 
3.0 
3.0 
2.7 

1.0-1.9 

2.0-2.9 

3.0-3.9 

4.0-4.9 

vehicles  per  day,  while  the  two-lane  roads 
have  the  highest  type  3  rate  for  volumes 
between  5,000  and  10,000.  Above  10,000  the 
conclusion  is  the  same  as  before:  the  three- 
lane  roads  are  the  most  hazardous,  while  the 
controlled-access  four-lane  divided  roads 
are  the  safest. 

The  type  2  rates  are  still  different.  Below 
5,000  vehicles  per  day  information  is  frag- 
mentary. Between  5,000  and  10,000,  the 
three-lane  roads  are  the  worst,  while  the 
four-lane  divided  roads  without  controlled 
access  are  the  safest  of  those  for  which  the 
samples  are  adequate.  Above  10,000  vehicles 
per  day  the  conclusion  is  the  same  as  for  the 
types  1  and  3  rates. 

Two-Lane  Tangents :  Effects  of 
Other  Features 

Since  traffic  volume  has  a  pronounced 
effect  on  the  accident  rates,  it  is  desirable 
to  group  the  roadway  sections  by  volume 
before  studying  the  effects  of  other  factors. 
Alternatively,  the  volume  itself  can  be  made 


one  of  the  independent  variables  in  a  mul- 
tiple regression  analysis,  a  procedure  which 
separates  the  effects  of  different  factors. 
Both  approaches  have  been  used. 

With  grade  and  volume  as  independent 
variables,  the  multiple  analysis  corroborates 
the  earlier  conclusion  that  grade  has  no  sta- 
tistically significant  effect  on  the  accident 
rate,  while  volume  does. 

Pavement     width,   shoulder    width, 
and  traffic  volume 

If  the  two-lane  tangents  are  classified 
solely  according  to  their  pavement  width — 
irrespective  of  traffic  volume,  shoulder 
width,  or  other  factors — the  results  are  as 
shown  in  table  7.  The  evidence  is  confus- 
ing. It  is  not  even  clear  whether  24-foot 
pavements  are  safer  than  20-foot  pave- 
ments; the  type  3  rate  suggests  that  they 
are,  while  the  types  1  and  2  rates  indicate 
that  they  are  not.  Neither  is  it  definitely 
established  that  very  narrow  pavements 
have  the  highest  accident  rates.     The  types 


Table    15. — Accident  rates    (type  3)    on   two-lane  tangents,   by   volume  of  traffic, 
percentage  of  commercial  traffic,  and  percentage  of  night  traffic 

{rates  are  per  million  vehicle-miles] 


Commercial  traffic 
(percent  of  total) 

Number  of  accidents  and  accident  rate  when  percentage  of  total  traffic  that  is  night  traffic  is — 

0  to  19  percent 

20  to  29  percent 

30  to  39  percent 

Total 

Number 

Rate           Number 

Rate 

Number 

Rate 

Number 

Rate 

Tbattic  Volume  0  to  4,900  Vehicles  peb  Day 

0-9.9 

1 

786 

249 

8 

0 

5.0                   O 

108 
503 
470 
850 
94 

2.8 
2.7 
2.5 
1.4 
1.3 

109 

1  ,57(1 

1.283 

1  .724 

315 

2.8 
2.7 
2.1 
1.7 
1.6 

10-14.9 

15-19.9 

20-24  9 

3.0 
3.7 
1.3 

281 
564 
86fi 
221 

2.1 
1.6 

2.2 
1.7 

Total 

1,044 

3.1  |          1,932 

1.9 

2.025 

1.8 

5,001 

2.1 

5,000-9,900  Vehicles  peb  Day 

0-9.9 

0 

303 

204 

0 

0 

0 

183 

0 

72 
9 

68 
194 
235 
111 

15 

2.5 
2.8 
2.7 
2.3 
1.9 

68 
680 
439 
183 

24 

2.5 
4.2 
3.8 
2  7 
1.7 

10-14.9. 
15-19.9.  . 

20-24  9 

25  or  more 

Total 

6.4 
6.8 

4.2 

3.5 
14 

507 

6.5                264 

3.8                623 

2.6 

1.394 

3.6 

All  Volumes 

0-9.9 

1 

1  .117 

453 

8 

0 

5.0                    0 

3.6  1              464 

4.7  564 
1  3               Q^fi 

176 

697 
739 
970 
109 

2.7 
2.8 
2.6 
1.5 
1.4 

177 
2,278 
1  .756 
1  .916 

339 

2.7 
3.1 
2.4 
1.8 
1.6 

10-14.9    . 
15-19.9    . 
20-24.9 

2.6 
1.6 
2.3 

1.7 

230 

Total 

1.579 

3.8           2.196 

2.0 

2  .6'J  1 

2.0 

6,466 

2.3 

178 


1  and  3  rates  indicate  that  they  do,  but 
the  type  2  rate  shows  pavements  of  16  feet 
as  having  a  lower  accident  rate  than  those 
of  24  feet. 

Similar  information  about  the  effect  of 
shoulder  width  is  presented  in  table  8.  There 
is  no  indication  that  shoulder  width,  con- 
sidered alone,  has  any  bearing  on  the  acci- 
dent rates. 

With  the  roads  grouped  according  to 
traffic  volume  in  5,000  vehicle-per-day  in- 
tervals, a  multiple  analysis  has  been  made 
in  each  group,  using  pavement  width  and 
shoulder  width  as  the  independent  variables. 
The  complete  table  is  too  complicated  for 
inclusion  here,  but  a  condensed  version  is 
given  in  table  9. 

None  of  the  effects  is  statistically  signifi- 
cant. In  neither  the  0  to  4,900  volume  group 
nor  the  5,000  to  9,900  group  is  there  a  sta- 
tistically significant  effect  on  either  the 
type  1  or  the  type  3  accident  rate  due  to 
(1)  pavement  width,  for  constant  shoulder 
width;  (2)  shoulder  width,  for  constant 
pavement  width;  or  (3)  pavement  width  and 
shoulder  width  acting  together.  (For  (1) 
and  (2)  the  statistical  tests  are  t -tests  of 
the  partial  regression  coefficients.  For  (3) 
they  are  F'-tests  of  the  multiple  correlation 
coefficients.  The  two  types  of  tests  are 
equivalent  when  there  is  only  one  independ- 
ent variable.)  The  material  in  this  study 
indicates  that  neither  pavement  width  nor 
shoulder  width  nor  any  combination  of  them 
has  a  determinable  effect  on  the  accident 
rates  on  two-lane  tangents. 

Frequency  of  curves 

In  the  belief  that  driver  behavior  and  ac- 
cident experience  might  be  affected  by  the 
frequencies  of  occurrence  of  curves,  inter- 
sections, and  other  such  features,  the  study 
routes  have  been  divided  into  "frequency 
sections"  averaging  10  to  15  miles  in  length. 
Every  card  contains  all  the  frequency  in- 
formation for  the  frequency  section  to  which 
it  belongs. 

Table  10  shows  how  the  accident  rates 
on  two-lane  tangents  vary  with  the  average 
number  of  curves  per  mile.  As  usual,  the 
result  depends  on  which  figures  are  ex- 
amined. The  only  rates  with  a  significant 
trend  are  the  type  3  rates,  which  go  up  as 
the  curves  become  more  frequent.  The 
types  1  and  2  rates  suggest  an  opposite  con- 
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elusion,  that  the  tangent  sections  inter- 
spersed with  one  or  two  curves  per  mile  are 
safer  than  those  in  places  where  curves  are 
quite  rare.  Either  conclusion,  once  estab- 
lished, has  a  plausible  explanation,  but  the 
figures  are  confusing.  Even  the  simple 
fact  that  all  three  types  of  rates  have  their 
highest  values  for  curve  frequencies  of  six 
or  more  curves  per  mile  is  not  so  simple  as 
it  seems,  for  the  State  which  supplied  all 
these  sections,  Oregon,  has  a  still  higher 
accident  rate  for  frequencies  between  4.0 
and  4.9. 

Table  11  gives  a  multiple  breakdown  of 
the  type  3  accident  rates  by  curve  fre- 
quency, tangent  lerogth,  and  traffic  volume. 
The  length  is  that  of  the  entire  tangent, 
even  though  it  may  be  broken  up  into  a 
number  of  shorter  sections  by  the  presence 
of  minor  intersections  or  structures.  The 
multiple  regression  analysis  corroborates 
the  confusing  conclusions  from  the  analysis 
of  curve  frequency  alone.  In  the  lowest 
volume  group,  the  effect  of  adding  curves 
is  to  reduce  the  type  1  accident  rate  and  to 
increase  the  type  3  rate.  There  is  no  signifi- 
cant effect  at  higher  volumes. 

The  value  of  the  multiple  analysis  be- 
comes apparent  when  we  examine  the  effect 
of  tangent  length  on  the  type  3  accident 
rates  for  volumes  under  5,000  vehicles  per 
day.  The  totals  for  all  curve  frequencies 
combined  indicate  a  high  positive  correla- 
tion between  accident  rate  and  tangent 
length.  Even  when  the  detailed  breakdown 
is  used,  the  simple  correlation  with  tangent 
length  is  still  statistically  significant.  Yet 
it  falsifies  the  truth.  For  there  is  a  large 
negative  correlation  between  tangent  length 
and  curve  frequency — i.e.,  long  tangents 
have  a  strong  tendency  to  be  associated  with 
low  curve  frequencies.  To  determine  the 
effect  of  different  tangent  lengths  on  roads 
having  the  same  curve  frequency  we  must 
use  the  partial  correlation  coefficient  of 
accident  rate  with  tangent  length.  This 
coefficient  is  not  statistically  significant  for 
any  volume  group. 

Frequency  of  other  features 

A  breakdown  of  accident  rates  according 
to  structure  frequency,  intersection  fre- 
quency, and  traffic  volume  is  given  in  table 
12.  There  are  no  statistically  significant 
effects  of  structure  frequency  or  intersec- 
tion frequency.  However,  there  is  some 
tendency  for  the  type  3  rates  to  rise  with 
increasing  intersection  frequency  when  the 
traffic  volume  is  low,  and  to  fall  with  in- 
creasing intersection  frequency  when  the 
traffic  volume  is  high. 

Table  13  shows  the  effect  on  the  accident 
rates  of  the  frequency  of  roadside  establish- 
ments (including  dwellings).  The  results 
are  perplexing.  Only  the  type  3  rate  comes 
anywhere  near  showing  a  significant  trend; 
these  figures  suggest  that  adding  roadside 
establishments  makes  a  road  more  hazard- 
ous. The  type  2  rate,  on  the  other  hand, 
seems  to  indicate  that  the  only  roads  that 
are  particularly  bad  are  those  having  less 
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Table  16. — Accident  rates  on  curves,  by  degree  of  curvature  and  roadway  type 

[rates  are  per  million  tehicle-miles] 


Curvature,  in  degrees 

Accidents  on 

Accidents  on      1 

Accidents  on  four-lane  roads 

two-lane  roads 

three-lane  roads 

Undivided 

Divided 

Controlled  access 
Number       Rate 

Number 

Rate 

Number 

Rate 

Number 

Rate 

Number 

Rate 

Type  1  Accident  Rates  (All  States,  Adjusted) 

0-2.9 

3-5.9 

6-9.9 

504 
596 
338 
354 

2.6  1           11 
3.6             11 
3.6               6 
4.8             11 

5.6 

9.8 

14.1 

28.0 

98 

90 

16 

3 

4.9 
8.4 
7.9 

5.8 

95 

65 

5 

12 

2.4 

4.2 

11.9 

30.6 

180 

162 

38 

0 

2.4 
3  4 
5.6 

Type  2  Accident  Rates  (Selected  States,  without  Adjustment) 

0-2.9 

3-5.9 

6-9.9 

340 

447 
287 
281 

1.8 

2  5 
2.9 

3  4 

0 
0 
0 
1 

10.0 

',3 

33 

10 

0 

1.9 
2.1 
2  9 

33 

52 

1 

0 

0  7 
2.7 
1.2 

180 

162 

38 

0 

16 
2.3 
4.5 

Type  3  Accident  Rates  (All  State-*,  without  Adjustment) 

0-2.9 

3-5.9 

6-9.9 

504 
596 
338 
354 

1.6 
2.5 

2.8 
3.5 

11 
11 
6 
11 

1.7 
2.8 
3.5 

7.3 

98 

90 

16 

3 

1.9 
2.6 
3.3 

1.2 

95 

65 

5 

12 

1.8 
2.4 
3.1 
6.7 

180 

162 

38 

0 

1.6 
2.3 
4.5 

Table  17. — Accident  rates  on  tangents  and  curves,1  by  roadway  type 

{rates  are  per  million  vehicle-miles] 


Location 

Accidents  on  four-lane  roads 

two-lane  roads     i   three-lane  reads 

Undivided 

Divided 

Contrr  lied  access 

Number 

Rate     !  Number 

Rate 

Number       Rate 

Number 

Rate 

Number  j 

Rate 

Type  1  Accident  Rates  (All  States,  Adjusted) 

6.474 
1,794 

3.7 
3.3 

227 
39 

6 . 1   1     1  ,348 
10.2  |         210 

6  4 
6.5 

982            4.6 
177            3.8 

774 
380 

2.2 
2.9 

Type  2  Accident  Rates  (Selected  States,  without  Adjustment) 

4,259 
1,355 

3.1            115 
2.5                1 

5.3  !         757 

2.5              86 

3.3 

1  9 

829 
86 

2.9 
13 

774 
380 

1.7 
2,0 

Type  3  Accident  Rvtes  (All  State-,  without  Adjustment) 

6.474 
1.794 

2.3  j         227 

2.3  )           39 

2.5 

2  8 

1.348            2.7 
210  |         2.2 

982 
177 

2.9  1          774 
2.1   ,         380 

17 
2.0 

>  All  volumes,  grades,  curvatures,  etc. 

Table  18. — Accident  rates  on  curves,  by  volume  of  traffic  and  roadway  type 

[rates  are  per  million  veki-le-milea\ 


Avera.ee  daily  traffic 


Accidents  on 
two-lane  roads 


Accidents  on 
three-lane  roads 


Undivided 


Accidents  on  four-lane  roads 

Divided 


Number 


Rate      Number 


Rate      Number       Rate 


Number       Rate 


Controlled  access 
Number       Rat.- 


Type  1  Accident  Rates  (All  States,  Adjusted) 


0-4,900 

5.000-9,900... 
10,000-14,900.. 
15,000  or  more . 


1.387 

403 

4 

0 


3.5 
3.0 
0  6 


9.1 
11.7 


5.7 
7.6 
3.4 
1.9 


1 
43 

117 
27 


1.1 
4.4 
4  1 
6  5 


3.S 


140 
0  ' 

15  1.8 

63  14 


Type  2  Accident  Rates  (Selected  Stvtes.  without  Adjustment) 


0-4,900 

5,000-9,000 

10,000-14,900.    . 
15,000  or  more. 


957 

394 

4 

0 


2  .r. 
2.7 
0.6 


2.5 


0  6 
1.5 
2.0 
1.8 


0 
18 

111 


0.7 
2.9 
5  9 


140   I        1.9 

45   I        1.8 

1  :* 


Type  3  Accident  Rates  (All  States,  without  Adjustment) 


0-4,900 I     1.38- 

5,000-9,900     .  403 

10,000-14,900 4 

15,000  or  more. . 


2.3  1 

21 

2  6 

2.7 

18 

3.1 

0.6 

0 
0 

25 

1.7 

1 

0.3 

140 

96 

2.3 

43 

1.4 

0 

69 

2  4 

117 

2.9 

45 

20 

1.8 

27 

5.9 

63 

1.9 


1.8 
1.3 
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Figure  S. — Accident  rales  on  two-lane  curves  (all  degrees),  by  volume  of  traffic. 


Commercial  and  night  traffic 

Table  15  presents  a  three-way  breakdown 
of  the  type  3  accident  rates  by  traffic  vol- 
ume, the  percentage  that  is  commercial 
traffic,  and  the  percentage  of  the  traffic  that 
flows  after  dark.  The  multiple  analysis  in- 
dicates that  the  accident  rate  is  reduced 
as  the  percentage  of  night  traffic  increases, 
when  the  percentage  of  commercial  traffic 
remains  the  same;  and  that  the  accident 
rate  also  falls  off  with  increasing  commer- 
cial traffic  when  the  night  traffic  is  held 
fixed.     Both  these  effects  were  unexpected. 

In  summary,  of  all  the  characteristics 
studied  for  their  effects  on  the  accident 
rate  on  two-lane  tangents,  traffic  volume  is 


than  one  establishment  per  mile.  The  type 
1  rate  is  quite  irregular.  The  effect  on  the 
accident  rates  of  the  frequency  of  roadside 
establishments  has  been  studied  in  more 
detail  by  the  States  of  Minnesota  and  Michi- 
gan.3 The  Minnesota  study  is  cited  in  foot- 
note 2  (p.  175) . 

In  studying  the  frequency  of  sight-dis- 
tance restrictions  a  restriction  has  been  de- 
fined as  a  stretch  of  road  where  the  sight 
distance  is  less  than  600  feet  in  flat  or  roll- 
ing terrain,  or  less  than  400  feet  in  moun- 
tainous terrain.  The  relation  of  accident 
rates  to  the  frequency  of  sight  restrictions 
is  shown  in  table  14.  The  type  3  rates  are  the 
most  meaningful.  Their  slope  is  statistically 
significant,  with  the  accident  rate  rising  as 
the  restriction  frequency  increases  from 
zero  up  to  about  three  restrictions  per  mile. 
The  types  1  and  2  rates  have  maxima  when 
there  are  between  one  and  two  restrictions 
per  mile;  they  drop  steadily  as  the  fre- 
quency of  restrictions  increases  above  this 
number. 


Table  19. — State-by-State  accident  rates  (type  1)  on  two-lane  curves,  by  volume  of  traffic 

[rates  are  per  million  vehicle-miles] 


Ptati 


Colorado 

Connecticut  (1941) 
Connecticut  (1946) 
Georgia 


Iowa   

Louisiana . 
Minnesota 
Nebraska 


New   Mexico 

Oregon. 

Utah. 
Virginia 


Washingti  n 

Wisconsin 
Wyoming.  . 


Total. 


Vuinliri   nt  .-irri.l.ht,,  anioiiu'    .    travel,  and  acoidenl  rate  when  traffic  volume 


0  to  4,900  vehicles  per  day 


Number  of 
accidents 
(adjusted) 


238 
269 
282 
106 

220 
56 
41 

201 

50 
108 

jut, 
23 

294 
11 
14 


2   119 


Travel, 

in  million 
vehicle-miles 


Accident 
rate 


71.2 

95.1 

112  0 

13.7 

40.5 
27  1 
33.8 
54.7 

5  0 
46.7 
31  6 

3.0 

63.2 

10.7 

4  4 


613.0 


3.3 
2.8 
2.5 
7.7 


4.7 
1.0 
3.2 


3.5 


5,000  to  9,900  vehicles  per  day 


Number  of 
accidents 
(adjusted) 


12 

220 

69 

0 

0 
2 
0 
0 

0 

17 
7 
0 

120 
0 
0 


447 


Travel, 

in  million 

vehicle- miles 


1.3 

80.9 

29  2 

0 

14 

0.2 

0 

0.4 

0 

8.7 

1.9 

0 

27.0 
0 
0 


151   0 


Accident 
rate 


9.2 
2  7 
2.4 


10  0 


2.0 
3.7 


4.4 


3.0 


1  Michigan    study.    Accident    Experienci 
to  Road  and   Roadside  Features   (1952). 


Relation 


Table  20. — Accident  rales  on  two-lane  curves, 
by  volume  of  traffic  and  degree  of  curvature 

[rates  are  per  million  vehicle-milcs[ 


Curvature, 

in  degrees 


Number  of  accidents  and  accident 
rate  when  traffic  volume  is — 


0  to  4,900         I  5,000  vehicles  per 
vehicles  per  day    !       day  or  more 


Number 


Rate       Number        Kate 


Tvpe  1  Accident  Rates  (All  States,  Adjc.-i  ed) 


0-2.9...    . 

i  •)      . 
6.0  or  more 


395 
123 
569 


2  7 
3.7 

1    I 


111 
173 
123 


2  1 
I    I 

3  1 


Type    2    Accident    Hues    (Selected    Stvtes,    without 
Adjustment) 


6  1)  or  more 


23 1 

1  8 

109 

27  H 

2  3 

169 

148 

3  2 

120 

2  0 

3  1 
2   9 


Tvpe  3  Accident  Rates  (All  States,  without 
Adjustment) 


0  2.9.    .  .  . 

9 
6.0  or  m<  re 


395 
423 
569 


1   6 

111 

2  ;; 

17:! 

3.2 

123 

1  9 
3   1 

2  8 


Table  21. — Accident  rates    (type  3)   on  two-lane  curves,  by  volume  of  traffic,  degree  of 

curvature,  and  grade 


[rafea 

are  per  million  vehicle- miles] 

Curvature,  in  degrees 

Number  of  accidents  and  accident  rate 

when  giade 

is — 

Less  than  3  percent 

3  percent  or  more 

Total 

Number 

Rate 

Number 

Rate 

Number 

Rate 

Traffic  Volume  0  to  4.900  Vehicles  per  Day 

0-2.9 

317 
317 
194 
155 

1.4                   78 
2.3                 106 
3.0  1                69 

3    4   i                 ISO 

2  0 
2.4 
2.3 

3.8 

395 
423 
263 
305 

1.6 
2.3 
2.8 
3.6 

6-9.9 

10  or  more 
Total 

'.is.;                 2   1                403 

2.7 

1,386 

2.3 

5,000-9,900  Vehicles  per  Day 

0-2.9 

86 

19                  22 

2.9 
4.1 
3.1 
3  9 

108 
172 
73 
-19 

2  0 
3.2 
2.7 

3  0 

3-5.9 . 

117 
51 
27 

2.8                  55 
2.6                  22 
2  5  !                 22 

6-9.9 

10  or  more 
Total 

281 

2.4  1               121 

3.6 

402 

2.7 

All  Volumes 

0-2.9 

405 
434 
245 
182 

1.6 
2  4 
2.9 
3.2 

100 
161 
93 
172 

2.2 
2.8 
2.5 

3  8 

505 
595 
338 
354 

16 
2.5 
2.8 
3.5 

2.3 

3-5.9 

6-9.9 

10  or  more 
Total 

1  .266 

2.2 

526 

2.8 

1  ,792 

180 


June  1953  •  PUBLIC  ROADS 


the  only  one  whose  effect  is  entirely  clear. 
The  effects  of  the  frequencies  of  curves,  in- 
tersections, roadside  establishments,  and 
sight  restrictions  are  all  uncertain,  while 
grade,  pavement  width,  shoulder  width,  tan- 
gent leng'th,  and  frequency  of  structures  do 
not  have  any  independent  effects  on  the  ac- 
cident rates.  The  effects  of  commercial 
traffic  and  night  traffic  are  inconclusive. 

Curves:   Effects  of  Curvature, 
and  Volume 

Degree  of  curvature 

The  type  3  accident  rates  on  two-lane 
curves,  by  degree  of  curvature,  are  pre- 
sented in  figure  4A  (p.  174),  and  all  three 
types  of  accident  rates  are  given  in  table 
16.  The  relation  is  clearcut:  the  sharper 
the  curve,  the  higher  the  accident  rate.  As 
a  matter  of  fact,  the  slopes  are  highly  signi- 
ficant for  all  three  types  of  rate.  In  acci- 
dent-rate units  per  degree,  the  slopes  are 
0.19  ±  0.07  for  the  type  1  rate,  0.12  ±  0.05 
for  the  type  2,  and  0.16  ±  0.05  for  the  type 
3.  Thus,  whichever  type  of  accident  rate  is 
used,  the  number  of  accidents  per  million 
vehicle-miles  increases  by  about  0.15  for 
each    additional   degree   of   curvature. 

For  three-lane  roads,  too,  there  seems  to 
be  a  steady  increase  in  hazard  with  in- 
creasing curvature,  though  the  data  are 
somewhat  sparse.  Figure  4B  shows  the 
rates  based  on  a  total  of  39  accidents. 

Figure  4C  gives  the  corresponding  in- 
formation for  four-lane  undivided  curves. 
The  type  3  rate  has  the  same  upward  trend 
as  on  the  two-  and  three-lane  roads,  al- 
though the  slope  is  not  statistically  signifi- 
cant; the  types  1  and  2  rates  are  more 
irregular. 

On  four-lane  divided  roads  the  accident 
rate  also  increases  as  the  curves  become 
sharper.  The  rates  are  presented  in  figure 
4D. 

Figure  4E  shows  the  relation  of  curva- 
ture to  accident  rate  for  four-lane  divided 
roads  with  controlled  access.  As  before, 
the  trend  is  statistically  significant,  with  the 
accident  rates  increasing  by  about  0.4  for 
each  additional  degree  of  curvature. 

In  summary,  there  is  a  direct  relation  be- 
tween curvature  and  accident  rate  on  all 
types  of  highways.  Sharp  curves  have  high 
accident  rates,  gradual  curves  have  low  ac- 
cident rates,  in-between  curves  have  in- 
between  accident  rates. 

Among  different  types  of  roads  with  the 
same  degree  of  curvature,  the  data  do  not 
indicate  any  consistent  relation. 

Table  17  compares  tangents  with  curves 
on  each  type  of  roadway.  (These  rates  are 
for  all  the  tangent  and  curve  sections  in- 
cluded in  the  study,  irrespective  of  other 
factors.)  There  is  no  clear  superiority  one 
way  or  the  other.  The  type  3  rates,  which 
are  the  most  consistent,  indicate  that  tan- 
gents and  curves  are  equally  safe  on  two- 
lane  roads.  Tangents  are  a  little  safer  than 
curves  on  three-lane  and  controlled-access 
four-lane    divided    roads,    while    they    are 
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Figure  6. — Accident  rales  on  two-lane  in 

somewhat  more  hazardous  on  the  four-lane 
roads  lacking  control  of  access.  None  of 
these  differences  is  large  enough  to  wan  -ant 
any  strong  conclusions. 

Effect   of  traffic  volume 

Table  18  and  figure  5  show  how  the  acci- 
dent rate  on  two-lane  curves  varies  with 
the  average  daily  volume  of  traffic.  The 
type  1  rate  has  a  statistically  significant 
tendency  to  become  smaller  as  the  traffic  in- 
creases. The  types  2  and  3  rates  do  not 
vary  significantly  but  have  a  slight  tendency 
to  increase  with  increasing  traffic. 

The  decline  shown  by  the  type  1  rate  was 
unexpected,  but  the  conclusion  which  it  sug- 
gests is  almost  certainly  correct.  Table  19 
gives  a  State-by-State  breakdown  of  these 
rates.  This  table  shows  that  every  State 
having  more  than  six  accidents  (actual,  not 
adjusted)  at  volumes  over  5,000  vehicles 
per  day  has  a  lower  accident  rate  for  these 
volumes  than  for  volumes  below  5,000.  It 
has  also  been  proved  by  multiple  regression 
analysis  that  this  decline  is  not  a  hidden 
effect  of  the  degree  of  curvature. 

Why  should  the  accident  rate  decline  with 
increasing  traffic  on  two-lane  curves,  when 


4  5  6  7 

ES    PER    MILE 

rves  (nil  degrees),  />>  frequency  of  curves. 

it  goes  the  opposite  way  on  two-lane  tan- 
gents? Analysis  of  the  types  of  collisions 
at  different  volumes  indicates  that  the  dis- 
tribution of  accident  types  is  practically 
identical  for  all  volume  groups.  So  one  can 
only  speculate.  Perhaps  the  extra  alertness 
required  for  driving  on  narrow  curved  roads 
in  heavy  traffic  is  what  pulls  the  accident 
rate  down.  A  similar  decline  in  accident 
rate  with  increasing  traffic  volume  is  found 
at  two-lane  intersections,  where  the  same 
alertness  factor  may  be  involved.  It  is  not 
found  at  curves  or  intersections  on  wider 
roads. 

For  three-lane  curves  the  data  are  pretty 
meager  (see  table  18),  but  such  evidence 
as  there  is  points  to  a  positive  correlation 
between   accident  rate  and   traffic  volume. 

On  four-lane  undivided  curves  each  type 
of  rate  increases  to  a  maximum  and  then 
falls  off  gradually  as  the  traffic  volume  in- 
creases. The  type  1  rate  has  its  maximum 
between  5,000  and  10,000  vehicles  per  day, 
the  type  2  has  its  maximum  between  15,000 
and  20,000,  the  type  3  has  its  maximum  be- 
tween 10,000  and  15,000.  This  is  similar 
to  the  pattern  for  four-lane  undivided  tan- 
gents. 


Table  22. — Accident   rates  on  two-lane  curves,  by  degree  of  curvature  and   frequency    o( 

curves 

\rales  arc  per  million  vehicle- miles] 


Number  of  curves 
per  mile 

Number  of  accidents  and  accident  rate  when  curvature  is — 

0  to  2.9  degrees              3  to  5.9  degrees 

6  to  9  9  degrees 

Ki  degrees 

or  more 

Number 

Rate          Number 

Rate 

Number           Rate 

Number 

Rate 

Type  1  Accident  Rates  (All  States,  Adjusted) 

0-0.9 

1.0-2.9 

128 

178 

125 

75 

3  .0                1 10 
2  ::                163 

2  1                  223 

3  3               100 

5.4 
3.7 
2.9 
3  2 

13 
96 

170 
59 

4.2 
1   5 

31 

53 
139 

1  J 
4.6 

3  0-4  9                

5  0-6.9 

Type  2  Accident  Rates  (Selected  States,  without  Adjustment) 

0-0.9          

42 
105 
118 

75 

1.6                   47 
1.4                   97 

2.0  203 

3.1  100 

3.2 
2.1 
2.5 
2  9 

2                1.1 

2  <• 

161   1             3  -' 

;>'.)             2  6 

4 

30 
117 
130 

1.4 

3  3 
3.9 

1  0-2  9.. 

3  0-4  9  .  . 

5  0-6  9     

Type  3  Accident  Rate9  (All  States,  without  Adjustment) 

0-0  9           

128 
178 
125 

1.4                110 
1     I                  163 
1    :>                 223 

2  7                   13                2.0 

2.1                   96  1              2.9 

170                  2  9 

31 

53 
139 

130 

4.3 
2.6 

.;   i 

.;  'i 

1.0-2.9 

3  0-4  9 

5.0-6.9   . 

75 

3.1                  100 

2  9 

59 

2    ti 
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Table  23.- 


-Accidcnl  rates  (type  3)  on  two-lane  curves,  by  volume  of  traffic,  frequency  of 
curves,  and  frequency  of  sight-distance  restrictions 

[rates  are  per  million  vehicle-miles] 


Number  of 
per  mile 

Number  of  accidents  and  accident  rate  when  number  of  restrictions  per  mile  is- 

Less 

han  1                   1  to  1.9 

2  to  2.9 

3  or  more 

Total 

Number 

'     Rate     1  Number 

Rate 

Number 

Rate 

Number 

Rate 

Number 

Rate 

Traffic  Volume  0  to  4.900  Vehicles  per  Day 

0  5-0.9 

76 
138 
182 

38 
9 

1.7  7 

1 .8  33 

1.8  40 

1.9  98 
0  6               41 

1.9               0 
3.2                 3 
1.7                3 
2.4              16 
3  8            181 

0.9 
0  9 
17 

2.7 

3 
0 
0 
0 

518 

7.5 
2.9 

86 
174 
225 
152 
749 

1.7 
1.9 

1.7 
2.1 

2.8 

1-1.9 

2  -2.9 

Total 

443 

1.7            219 

2.4            203 

2.5 

521 

2.9 

1  .386 

2  3 

5,000-9,900  Vehicles  per  Day 

Less  than  0.5 
0.6-0.9     

1 

22 

72 

0 

0 

1.7 
3  5 
2.1 

0 
0 
3 

36 
4 

3.8 
2.4 
1.1 

0 
0 
0 
0 
131 

2  7 

0 
0 
0 
0 
133 

3^2 

1 

22 

75 

36 

268 

1.7 
3.3 
2.1 
2.4 
2.9 

1-1.9..., 

2-2.il. 

Total 

95 

2.3 

43 

2.2 

131 

2.7 

133 

3.2 

402 

2.7 

All  Volumes 

Less  than  0.5 

0.5-0.9 

77 
160 
256 

38 
9 

1.7  7 
1.9              33 

1.8  43 

1.9  134 
0.6               45 

2.2                 0 

3.0  3 
1.7                3 
2.4  i            16 

3.1  314 

0.9 
0.9 

1.7 
2.7 

3 
0 
0 
0 
651 

7.5 
2.9 

87 

196 

302 

188 

1,019 

1.7 
2.0 
1.8 
2.2 

2.8 

1-1.9 

2-2.9 

Total 

540 

1.8            262 

2.4 

336 

2.5 

654 

2.9 

1.792 

2.3 

The  accident  rates  on  four-lane  divided 
curves  show  a  persistent  increase  with  traf- 
fic volume.  The  information  is  on  the 
skimpy  side,  but  the  trend  seems  definite. 
The  types  2  and  3  rates  have  statistically 
significant  slopes,  with  the  accident  rate  in- 
creasing by  about  0.3  for  each  additional 
1,000  vehicles  per  day. 

For  the  four-lane  divided  curves  with  con- 
trolled access,  the  situation  is  similar  to  that 
of  the  four-lane  divided  tangents  with  con- 
trolled access.  The  apparent  decline  in  the 
accident  rate  with  increasing  volume  is 
mainly  due  to  the  difference  between  Penn- 
sylvania and  Connecticut.  As  in  the  earlier 
case,  the  high  volumes  are  all  from  Connecti- 
cut, while  practically  all  of  the  traffic  be- 
low 5,000  vehicles  per  day  is  from  Penn- 
sylvania. 

In  summary,  on  all  but  the  two-lane  roads, 
the  accident  rate  on  curves  varies  with  vol- 
ume in  much  the  same  way  as  on  tangents. 
The  general  tendency  is  for  higher-than- 
average  volumes  to  cause  higher-than-aver- 
age  accident  rates,  with  some  decline  in  the 
accident  rate  at  extremely  high  volumes. 

The  two-lane  curves  are  different.  They 
show  a  negative  correlation  between  acci- 
dent rate  and  traffic  volume  throughout  the 
volume  range.  This  is  thought  to  be  due 
to  the  greater  care  with  which  people  drive 
under  obviously  dangerous  conditions. 

TwO'Lane  Curves:  Effects  of 
Other  Features 

Degree,  grade,  and   volume 

There  are  two  basically  different  ways  in 
which  curvature  and  volume  together  might 
affect  the  accident  rates.    Even  if  the  effects 


were  really  independent,  there  might  be 
intercorrelation  between  the  two  factors — 
i.e.,  a  tendency  for  the  roads  having  higher- 
than-average  curvature  to  have  either 
higher-than-average  or  lower-than-average 
volume — so  that  an  effect  of  curvature 
might  appear  to  be  an  effect  of  volume,  or 


vice  versa.  Multiple  regression  analysis 
separates  the  effects  and  assigns  each  to  its 
proper  cause. 

Or  there  could  be  interaction  between  the 
two  factors — the  kind  of  situation  in  which 
the  effect  of  volume  at  low  degrees  of  curva- 
ture is  different  from  its  effect  at  high  de- 
grees, and  the  effect  of  curvature  at  low 
volumes  is  different  from  that  at  high  vol- 
umes. 

Both  of  these  possibilities  were  investi- 
gated. The  intercorrelation  between  de- 
gree of  curvature  and  volume  is  negligible, 
and  the  partial  correlations  between  the 
type  1  accident  rate  and  each  of  the  two 
factors  are  both  statistically  significant, 
with  the  same  signs  as  the  simple  correla- 
tions. In  other  words,  for  roads  of  the  same 
curvature  the  average  effect  of  increased 
volume  is  to  reduce  the  accident  rate  by  a 
significant  amount,  and  for  roads  carrying 
the  same  volume  the  average  effect  of  in- 
creased curvature  is  to  increase  the  acci- 
dent rate  by  a  significant  amount. 

The  interaction  between  curvature  and 
volume  can  be  tested  by  making  a  two-way 
classification  of  the  highway  sections  by  both 
curvature  and  volume.  This  is  done  in  table 
20.  The  type  1  rate  shows  no  particular  in- 
teraction, since  it  drops  with  increasing 
volume  in  each  curvature  group.  The  types 
2  and  3  rates  do  show  interaction,  and  it  is 
exactly  the  sort  one  would  expect.  At  low 
degrees  of  curvature— i.e.,  on  the  curves 
which  are  most  like  tangents — the  hazard 
increases  with  volume,  just  as  on  the  tan- 
gent sections.     On   curves   sharper  than   6 


Table    24. — Accident   rates    (type   3)    on    two-lane   curves,   by 

width,  and  shoulder  width 

[rates  are  per  million  vehicle-miles] 


volume    of   traffic,    pavement 


Number  of  accidents  and  accident  raite  when  shoulder  width  is- 


Paveiment  width, 
in  feet 


Less  than  5  feet 


5  to  7.9  feet 


8  to  9.9  feet 


10  feet  or  more 


Number 


Rate 


Number 


Rate      Number 


Rate      Number 


Rate 


Total 


Number 


Rate 


Traffic  Volume  0  to  4,900  Vehicles  per  Day 


16  or  less. . 

18 

20 

21-22   . 

23-24 

25  or  more . 

Total . 


28 
257 
473 
58 
22 
15 


853 


1.5 


5 
153 
219 

5 
31 

5 


2.7 


418 


1.1 

0 

2.0 

4 

1.9 

40 

0.7 

2 

1.4 

1 

1.2 

0 

1.8 

47 

1 

3 

1 

4 

1 

7 

0 

3 

1.3 


0.7 
2.2 

2.3 


4.2 


2.3 


33 

415 

765 

91 

54 

29 


1,387 


1.4 
2.4 
2.4 
2.0 
1.6 
1.6 


2.3 


5,000-9,900  Vehicles  per  Day 


16  or  less . . 

18 

20 

21-22 

23-24 

25  or  more. 

Total . 


1 

7 
230 


253 


0 

9 

3 

5 

3 

2 

2 

7 

4.7 


3  2 


120 


0.7 
1.2 


2.0 


5  0 
1.2 


3.3 


20 


2.0 
3.3 


2  8 


2.4 


2 

24 

327 

22 

3 

24 


402 


0.8 
1.8 
2.9 
2.5 
.8 
2  9 


2.7 


All  Volumes 


16  or  less. 

18 

20 

21-22 

23-24 

25  or  more 


Total    l  ,108 


29 

1.5 

264 

2.7 

705 

3.1 

64 

2.3 

22 

2.5 

24 

1.7 

165 

305 

18 

33 

13 


2.8 


540 


1.0 
1.9 
2.0 
1.4 
1.3 
1.6 


1.8 


56 


2 

2 

1 

4 

I 

7 

0 

6 

1.4 


89 


0.7 
2.1 

2.4 


3.6 


2.3 


35 

439 

1.096 

113 

57 
53 


1.793 


1.4 
2.3 
2.5 

2.1 
1.5 
2.0 


2.3 
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degrees  it  is  the  other  way  around;  here 
the  accident  rate  i  lowei  when  there  is 
'e  traffic  volutin 

A  no I  her  way  of  looking  at  this  interaction 
is  in  terms  of  the  effect  of  changing  the 
curvature  at  different  fixed  volume  levels. 
This  effect  is  the  same  for  all  three  types 
of  rates.  At  volumes  below  5,000  vehicles 
per  day.  the  accident  rate  rises  steadily 
with  increasing  curvature.  At  volumes  over 
5,000  the  accident  rate  is  lower  on  sharp 
curves  than  on  moderate  curves. 

These  facts  strengthen  the  belief  that 
traffic  volume  affects  the  accident  rate  dif- 
ferently on  two-lane  curves  from  the  way 
it  does   on   two-lane    tangents. 

Table  21  gives  the  type  3  accident  rates 
by  degree  of  curvature  and  percentage  of 
grade  for  two-lane  curves  carrying  various 
ranges  of  traffic  volume.  At  low  volumes 
the  accident  rate  goes  up  with  increasing- 
curvature,  while  the  effect  of  grade  is  not 
statistically  significant.  At  higher  volumes 
it  is  not  the  curvature  but  the  grade  that 
matters;  steeper  grades  make  the  accident 
rates  larger.  This  peculiar  pattern  occurs 
with  both  the  type  1  and  the  type  3  rates 
(the  type  2  rates  were  not  computed).  In 
the  0  to  4,900  volume  group  the  partial  cor- 
relation with  curvature  is  the  only  signifi- 
cant one,  while  in  the  5,000  to  9,900  volume 
group  the  partial  correlation  with  grade  is 
the   only   significant   one. 

Curve  frequency  and  other  items 

Figure  6  shows  the  accident  rates  on  two- 
lane  curves  (of  all  degrees)  as  a  function 
of  curve  frequency.  The  type  1  rate  is 
highest  when  curves  are  very  rare,  suggest- 
ing that  a  curve  is  most  hazardous  when  it 
is  unexpected.  The  types  2  and  3  accident 
rates  have  their  high  values  when  there 
are  more  than  five  curves  per  mile. 

Table  22  separates  the  figures  into  several 


Tabic  25— Accident  rates  (type  3)  on  two-lane  curves,  bj    volume  of  traffic,  percentage  of 
commercial  traffic,  and  percentage  of  night  traffic 

\rol(  i  are.  per  million  vehicle-miles] 


Commercial  traffic 
(percent  of  total) 

Number  of  accidents  and  accident  rate  when  percentage  of  total  traffic  that  is  night  traffic  is— 

0  to  19  percent                20  to  29  percent               30  to  39  percent 

Total 

Number 

Rate          Number 

Rate          Number 

Hate 

Number 

Rate 

Trafwc  Volume  0  to  4,900  Vehicles  per  Day 

0-9.9 

0    0 

297  ,              3.1                  79 

42                2.9                138 

1  1.0                 10.5 

0    71 

3.0 
2,6 
2.5 
1.6 
2.0 

83 
564 
378 
270 

92 

3.0 
2.8 
2   2 
15 
2.6 

10-14  9 

15-19.9 

20-24.9 

25  or  more 

2.3                188 
19  1              198 
15                164 
2.9                  21 

Total 

340  1             3.0               393 

1.9                654 

2.2 

1,387 

2.3 

5,000-9.900  Vehicles  per  Day 

0-9.9 

0    0 

88                3.7                  11 
18                35                    0 

0    3 

0 |                 5 

3  0 
2.4 
2.1 
2.9 

38 
191 
82 
86 
5 

3.0 
2.7 
2.1 
2.9 

2.9 

10-14.9 

15-19.9 

20-24.9 

1.5                  92 

64 

2.5                 83 
2.9                   0 

25  or  more 

Total 

106               3.6                 19 

l    8                277 

2.5 

402 

2.7 

All  Volumes 

0-9.9 

10-14.9 

15-19.9 

20-24.9 

25  or  more 

0 

0 

121 

3.0 
2.5 
2.3 
19 
2.0 

121 
755 
462 
358 
97 

3.0 
2.7 
2.2 

1.7 
2.8 

385 
60 

1 
0 

3.2                  90 

3.1  I             138 

1.0               108 

76 

2.2                 280 

1.8  264 
1.5                249 

2.9  |               21 

Total 

446                3.1                412 

1.9                935 

2.3 

1.793 

2.3 

ranges  of  curvature.  At  first  glance  the 
most  prominent  feature  of  this  table  is  that 
the  types  1  and  3  accident  rates  have  their 
greatest  values  for  the  highest  curvature 
and  the  lowest  frequency.  But  closer  study 
of  the  supporting  facts  shows  that  this  is 
due  to  five  curves  in  Iowa  which  contribute 
11  out  of  the  31  accidents  in  this  group. 
The  other  20  accidents  in  the  group  occurred 
at  rates  similar  to  those  for  other  curvatures 
and  frequencies. 

The  table  does  not  suggest  any  general 
conclusions  about  the  effect  of  curve  fre- 
quency on   the  accident  rates.     The  degree 


of  curvature,   as  before,  is  positively  cor- 
related with  the  accident  rates. 

Table  23  gives  the  accident  rates  on  two- 
lane  curves  by  curve  frequency  and  sight- 
restriction  frequency  for  various  volume 
groups.  There  is  a  high  intercorrelation 
between  the  two  frequencies,  so  that  while 
high  values  of  both  frequencies  cause  higher 
accident  rates  than  low  values  of  both  fre- 
quencies, it  is  impossible  to  tell  which  of 
the  two  frequencies  is  responsible.  (In  sta- 
tistician's language,  the  multiple  correla- 
tion is  statistically  significant,  but  the  par- 
tial correlations  are  not.) 


Table  26. — Accident  rales  at  intersections  at  grade1  on  two-  and  three-lane  roads,  by  total  volume  of  traffic  and   percentage  of  cross  traffic 

[rates  are  per  10  million  vehicles] 


Cross  traffic  (percent  of  total) 

Accidents  on  twc-lane  roads                                                                               Accidents  on  three-lane  roads 

0  to  4,900 
vehicles  per  day 

5,000  to  9,900                  10,000  or  more                      0  to  4,900 
vehicles  per  day               vehicles  per  day               vehicles  per  day 

5,000  to  9,900 
vehicles  per  day 

10,000 
vehicles 

cr  more 
per  day 

Number 

Rate 

Number 

Rate       I    Number 

Rate          Number 

Rate 

Number 

Rate 

Number 

Rate 

Type  1  Accident  Rates  (All  States,  Adjusted) 

0-9 

678 
116 
162 

3.6 
11.3 
9.2 

229 
56 

118 

2.2 
6.3 
8.7 

9 
0 
3 

0  9 

17 
0 
0 

4.1 

25 

0 

30 

9.6 

24 
0 
0 

34.4 

10-19 

1.9 

40.8 

Type  2  Accident  Rates  (Selected  States,  without  Adjustment) 

0-9 

363 
63 

118 

2.0 
7.1 
6.9 

213 

54 
117 

1.8                    9 
5.5                     0 
8.1   i                   3 

0  8                    2 

3.3 

6 

0 

30 

2.1 

24 
0 
0 

26.7 

0 
0 

1  .9 

25.0 

Type  3  Accident  Rates  (All  States,  without  Adjustment) 

0-9 

678 
116 

162 

2.0 
6.0 
6.5 

229 
56 
118 

1.8 

5.3 
7.5 

9 
0 
3 

0.8                    1 

1.7 

25 

0 

30 

3.5 

24 
0 
0 

20.7 

0 

n 

1   9 

25.0 



1  Excluding  rotary  intersections. 
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Tabic  27.— Accident   rales  at    intersections  at   grade1  <»n   four-lane   roads,   b)    total  volume  of  traffic  and   percentage  of  cross  traffic 

\ralet  ore  per  10  mill/""  vehicles] 


(  :rUss   1                                     '     l"':>1  1 

Accidents  on  undivided  roads                                                                                 Accidents  on  divided  roads' 

(1  to 
vehicles 

Number 

1,900                       5,000  to  9,900 
per  day               vehicles  per  day 

10,000  or  more                       0  to  4,900 
vehicles  pei  day               vehicles  per  day 

5,000  to  9,900 
vehicles  per  day 

10.000  or  more 
vehicles  per  day 

Rate           Number            Rate 

Number 

Rate            Number 

Rate 

Number           Rate 

Number 

Rate 

Type  1  Accident  Hates  (All  States,  Adjusted) 

(I  9    . 

15 

0 

8.8 
22.9 

184 
22 

34 

9.9 
48.7 
56.7 

302 

12  ; 

236 

4  6                     15 
32.3                    7 

42.2                        0 

3.6 

17.5 

131 
25 
13 

5.4 
10.8 
13.6 

309 

130 

97 

7.8 
28.3 
22.4 

Type  2  Accident  Rates  (Selected  States,  without  Adjustment) 

0  9 

13 

14 
0 

4  6 
28.0 

62 
8 
15 

3.8 

8.0 

21   4 

255 
123 
227 

3.1                     15 
28.6                      7 
36.0                      0 

3.3 

17.5 

91 
25 
13 

3.4 
11.4 
11.8 

238 

130 

97 

4.5 
24  5 
19.4 

10-19. 
20  or  more 

Type  3  Accident  Rates  (All  States,  without  Adjustment) 

i)  9 

33 

15 
0 

3.4                 184                 3.5 

302 
123 
236 

3.0 
28.6 
35.2 

15 
7 
0 

3.2 

17  5 

131 
25 
13 

3.2 
10.0 
11.8 

309 

130 

97 

4.2 
24.5 
19.4 

10-19                               

21.4 

14  7 
18.9 

34 

1                    " 

Excluding  rotary  intersections.     2  Excluding  those  with  controlled  access. 


Since  the  preceding  section  seemed  to  in- 
dicate that  curve  frequency  did  not  have  any 
(•(insistent  effect,  it  can  only  be  concluded 
that  the  effect  of  curve  frequency  is  not 
very  clear. 

A  breakdown  of  the  effects  of  pavement 
width,  shoulder  width,  and  traffic  volume  is 
given  in  table  24.  On  two-lane  curves  the 
effect  of  pavement  width  is  too  irregular  to 
be  statistically  significant,  but  24-foot  wide 
sections  are  consistently  safer  than  20-foot 
sections.  The  partial  correlation  with 
shoulder  width  is  significant;  the  accident 
rate  goes  down  by  about  0.15,  on  the  aver- 
age,  for   each    additional   foot   of   shoulder. 


These  results  differ  from  the  situation  on 
two-lane  tangents,  where  neither  pavement 
width  nor  shoulder  width  has  a  consistent 
effect  on   the  accident   rate. 

Table  25  shows  the  effects,  on  two-lane 
curves,  of  commercial  traffic  and  night  traf- 
fic. Neither  effect  is  statistically  signifi- 
cant. 

In  summary,  the  effect  of  volume  in  reduc- 
ing the  accident  rate  on  two-lane  curves 
seems  to  be  stronger  for  sharp  curves  than 
for  flat  curves.  This  is  logical,  for  one 
would  expect  flat  curves  to  be  intermediate, 
in  their  accident  potential,  between  sharp 
curves   and   tangents. 


The  frequency  of  curves  does  not  appear 
to  have  any  consistent  effect  on  the  accident 
rate,  even  when  the  curves  are  subdivided 
by  degree  of  curvature.  The  frequency  of 
sight  restrictions  has  a  similarly  uncertain 
effect. 

Wide  shoulders  definitely  help  to  reduce 
the  accident  rate  on  two-lane  curves,  and 
24-foot  pavements  are  consistently  safer 
than  20-foot  pavements.  This  is  in  contrast 
to  the  situation  on  two-lane  tangents,  where 
shoulder  width  has  no  particular  effect. 

The  effect  of  grade  is  peculiar.  At  low 
traffic  volumes  there  is  no  particular  effect, 
but  on  roads  carrying  more  than  5,000  ve- 


Table  28 — Accident  rates   (type  3)   at   intersections  at  grade'   on   two-lane  roads,  by  total  volume  of  traffic,  percentage  of  cross  traffic,  type 

of    intersection,   and    percentage    of   night    traffic 


[rates  art 

per  10  ntilh< 

n  vehicles] 

Night  traffic  (pel  ci  ni  ol  total) 

Number  of  accidents  and  accident  rate  when  percentage  of  total  traffic  that  is  cross  traffic  is — ■ 

0  to  9  percent 

10  percent  or  more 

Three-way 

intersection 

Four-way 
intersection 

Total 

Three-way                           Four-way 
intersection                       intersection 

Total 

Number 

Rate 

Number 

Rate 

Number 

Rate 

Number 

Rate           Number 

Rate 

Number 

Rate 

Traffic  Volume  0  to  4,900  Vehicles  per  Day 

in   19.  .                           

JO  -29    . 

S3 
143 
112 

2.9 
2.0 
0.9 

48 
185 
107 

5.0 
3.9 
1.8 

131 

328 
219 

3.4 
2.8  , 
1.2 

18 
58 
53 

15.0                  30 

5.4  67 

4.5  52 

23.1 
7.1 
5.3 

48 
125 
105 

19  2 
6.2 
4.9 

Total 

338 

1.5 

340 

2.9 

678 

2.0 

129 

5.4                 149 

7.2 

278 

6.3 

5,000-9,900  Vehicles  per  Day 

10-10 

20-29 

35 

69 

2.8 
3.3 
0.9 

39 
19 
31 

5.2 
5.0 
2.2 

72 
54 
100 

3.7 
3.8 
1.1 

43 
9 

58 

13.4 

11.2 

4.3 

18 
23 
37 

13.8 
14.4 
6.1 

61 
32 
95 

13.6 
13.3 

4.8 

Total.     . 

i  17 

1.3 

89 

3.5 

226 

1.8 

110 

6.3 

78 

8.7 

188 

7.1 

All  Volumes 

118 

i;s 
186 

182 

2.8 
2.2 
0.9 

89 
204 
138 

5.1 
4.0 
1.9 

207 
382 
324 

3.5 
2.9 
1.1 

61 
67 

112 

13.9                    48 
5.8                  90 
4.3                   89 

18.5 
8.1 
5.4 

109 
157 
201 

15.6 
6.9 
4.7 

20  29 

30  39    . 

Total. 

1.4 

431 

3.0 

913 

1.9 

240 

5.7                 227 

7.5 

467 

6.5 

luding  rotary  intersections,  interchanges  at  made  separations,  and  intersections  with  more  than  four  approaches. 
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hides  per  day  the  accident  rates  are  higher 
on  roads  with  steep  grades. 

Finally,  the  percentages  of  commercial 
and  night  traffic  have  no  recognizable  effect 
on  the  accident  rates  on  two-lane  curves. 

Intersections 

The  accident  rates  at  intersections  are 
computed  somewhat  differently  than  on  tan- 
gents and  curves,  since  the  length  of  an  in- 
tersection is  not  particularly  relevant  to 
its  accident  potential.  The  base  which  has 
been  used  instead  of  vehicle-mileage  is  the 
total  number  of  vehicles  using  the  inter- 
section. To  keep  the  numbers  at  a  manage- 
able size,  the  accident  rates  have  been  ex- 
pressed in  terms  of  the  number  of  accidents 
per  10  million  vehicles.  The  only  intersec- 
tions analyzed  have  been  intersections  at 
grade,  excluding  rotaries,  and  the  number 
of  lanes  at  the  intersections  are  those  along 
the  roads  included  in  the  study,  irrespective 
of  the  number  of  lanes  on  the  side  or  cross 
road.  By  volume  is  meant  the  total  number 
of  vehicles  entering  the  intersection  from 
all  approaches;  the  percentage  of  cross  traf- 
fic is  the  percentage  of  this  total  volume 
which  enters  the  intersection  from  roads 
other  than  the  study  route. 

Table  26  presents  the  accident  rates  for 
two-lane  roads  at  these  intersections,  for 
various  traffic  volumes  and  percentages  of 
cross  traffic.  The  percentage  of  cross  traf- 
fic is  of  crucial  importance.     At  every  vol- 
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Figure   7. — Accident   rates   at    intersections    (all   roadway   types),    by   total    volume   and 

percentage  of  cross  traffic. 

ume  level  where  there  is  an  adequate  sam-  is  less  than  10  percent.  Additional  increases 

pie,  the  accident  rate  is  more  than  twice  in  cross  traffic  to  20  percent  or  more  do  not 

as  high  when  the  cross  traffic  exceeds  10  per-  cause  appreciable  further  increases  in  the 

cent  of  the  total  as  when  the  cross  traffic  accident  rates. 


Table  29. — Accident  rates   (type  3)   at  inter- 
sections at  grade1  on  two-lane  roads  by  total 
volume  of  traffic,  percentage  of  cross  traffic, 
and  percentage  of  commercial   traffic 

[rates  are  per  10  million  vehicles] 


Commercial  traffic 
(percent  of  total) 

Number  of  accidents  and  accident 

rate  when  percentage  of  total  traffic 

that  is  cross  traffic  is — 

0  to  9  percent           10  Percent  cr 
more 

Number      Rate      j  Number 

Rate 

Traffic  Volume  0  to  4,900  Vehicles  per  Dat 

5-9.9 

10-14.9 

11 
208 
174 
215 

80 

0.6 
2.3 
1.9 
1.8 
3.1 

8 

88 

121 

57 

16 

3.3 
6.4 
6.3 
6.0 
9.4 

15-19.9 

20-24.9 

25  or  more 

Total 

688 

2.0           290 

6.3 

5,000-9,900  Vehicles  per  Day 

5-9.9 

6            0.5 
128            2.7 

23 
83 
64 
39 
2 

6.6 
7.5 
9.1 
4.6 
2.9 

10-14.9 

15-19.9 

65 

21 

8 

1.7 

.8 

1.9 

20-24.9 

25  or  more 

Total 

228 

17 

211 

6.9 

All  Volumes 

5-9.9 

10-14.9 

17            0.5 
340            2.4 
244            1.8 
236            1.6 

31 
172 
192 

96 

5.3 
6.7 
7.0 
5.2 

7.5 

15-19.9 

20-24.9 

25  or  more 

Total 

88           2.9             18 

925           1.9  1         509 

6.4 

Table    30. — Accident    rates    at    structures    on    two-lane    roads    with    approach    pavements 
less  than  30  feet  wide,  by  relative  width  of  structure  roadway  and   adjoining  pavement 

[rates  are  per  10  million  vehicles] 


1  Excluding  rotary  intersections. 


Relative  width 


Number  of  accidents  and  accident  rate  at— 


Bridges  and  overpasses 


Number 


Rate 


Underpasses 


Number 


Type  1  Accident  Rates  (All  States,  Adjusted) 


Sti  ucture  narrower  by  more  than  1  foot 

Structure  from  1  foot  narrower  to  1  foot  wider 
Structure  wider  by : 

1.1-3.0  ft 

3.1-5.0  ft 

5.1-7.0  ft 

7.1-9.0  ft 

9.1-13.0  ft 

13.1-19.0  ft 

19.1  or  more  ft 


21 

9.2 

0 

56 

5.8 

2 

81 

7.7 

6 

87 

5  2 

J 

17 

2.3 

■r. 

4 

.2 

0 

14 

1.0 

9 

4 

.4 

0 

10 

1.6 

3 

Type  2  Accident  Rates  (Selected  States,  without  Adjustment) 


Structure  narrower  by  more  than  1  foot 

Structure  from  1  foot  narrower  to  1  foot  wider . 
Structure  wider  by : 

1.1-3.0  ft 

3.1-5.0  ft 

5.1-7.0  ft 

7.1-9.0  ft 

9.1-13.0  ft 

13.1-19.0  ft 

19.1  or  more  ft 


15 

5.0 

0 

28 

4.7 

2 

70 

4.5 

6 

61 

4.1 

1 

10 

1.3 

2 

4 

.2 

0 

7 

.5 

7 

4 

.5 

0 

10 

1.5 

2 

Type  3  Accident  Rates  (All  States,  without  Adjustment) 


Structure  narrower  by  more  than  1  foot. ...... 

Structure  fiom  1  foot  narrower  to  1  foot  wider. 
Structure  wider  by: 

1.1-3.0  ft 

3.1-5.0  ft 

5.1-7.0  ft 

7.1-9.0  ft 

9.1-13.0  ft 

13.1-19.0  ft 

19.1  or  more  ft 


21 

5.7 

0 

56 

3.6 

2 

81 

4.0 

6 

87 

3.1 

2 

17 

1.3 

5 

4 

.2 

0 

14 

.6 

9 

4 

.4 

0 

10 

1.1 

Rate 


2.9 

6.4 

7.5 
5.6 


6.0 
2.5 


3.3 

6.0 
10.0 
2.5 


5.0 

14 


2.9 

5.5 
5.0 
3.1 


4.5 
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The  effect  of  traffic  volume  on  the  acci- 
dent rate  is  worth  noting.  Increased  vol- 
ume reduces  the  accident  rate  in  most  cases. 
This  is  the  same  effect  that  was  noted  for 
two-lane  curves.  The  two  effects  may  pos- 
sibly be  related,  since  neither  of  them  oc- 
curs on   roads  of  more  than  two  lanes. 

Table  26  also  gives  the  same  information 
for  three-lane  roads.  The  information  is 
meager,  but  the  intersections  having-  less 
than  10  percent  cross  traffic  appear  to  be 
much  safer  than  the  others.  High  volumes 
are  associated  with  high  accident  rates. 

As  with  the  other  roadway  types,  cross 
traffic  between  10  and  19  percent  makes  an 
intersection  on  a  four-lane  undivided  road 
much  more  dangerous  than  if  the  cross  traf- 
fic is  below  10  percent.  Further  increases 
in  cross  traffic  are  less  important.  The 
total  traffic  volume  has  no  consistent  effect 
(see  table  27). 

On  four-lane  divided  roads  without  con- 
trolled access,  the  conclusion  about  cross 
traffic  is  again  the  same.  High  volume  ap- 
pears to  increase  the  hazard  somewhat. 

Figure  7  presents  the  accident  rates  at 
intersections  for  all  types  of  roadways  com- 
bined. The  bars  in  the  chart  are  of  uni- 
form width.  In  all  three  volume  groups, 
more  than  85  percent  of  the  exposure  was 
at  intersections  with  less  than  10  percent 
cross  traffic.  The  evidence  is  overwhelm- 
ing that  cross  traffic  in  excess  of  10  percent 
of  the  total  traffic  makes  an  intersection 
very  much  more  dangerous  than  if  the  cross 
traffic  is  less  than  10  percent. 

When  all  road  types  are  combined,  it  ap- 
pears that  the  accident  rate  goes  up  with 
increases  in  the  total  volume.  But  the  exact 
opposite  is  the  case  for  intersections  on 
two-lane  roads. 

Three-way  intersections  are  much  safer 
than  four-way  intersections  on  two-lane 
roads,  according  to  table  28.  The  angle  at 
which  the  roads  intersect  (whether  T  r  Y) 
does  not  make  any  appreciable  difference. 
An  increase  in  the  percentage  of  night  traf- 
fic reduces  the  accident  rate,  as  with  two- 
lane  tangents. 

A  breakdown  of  the  effect  of  commercial 
traffic,  cross  traffic,  and  volume  at  two-lane 
intersections  is  given  in  table  29.     There  is 


some  tendency  for  the  accident  rate  to  in- 
crease with  increasing  commercial  traffic, 
but  it  is  not  statistically  significant. 

In  summary,  the  percentage  of  cross  traf- 
fic at  an  intersection  is  important,  and  so  is 
the  number  of  approaches  to  the  intersec- 
tion. Night  traffic  reduces  the  accident 
rate,  while  the  effect  of  commercial  traffic 
is  not  clear. 

It  would  be  of  interest  to  know  how  the 
accident  rate  is  affected  by  the  type  of  traf- 
fic control — stop  signs,  traffic  signals,  etc. 
The  question  cannot  be  answered  from  the 
data  in  the  present  study,  because  there  is 
too  little  variety  in  traffic  control  at  the  in- 
tersections on  the  study  routes. 

Structures 

Structures  have  been  classified  according 
to  the  relative  width  of  the  roadway  at  the 
structure — on  the  bridge  or  in  the  underpass 
— as  compared  with  the  adjoining  pavement. 
Table  30  presents  the  accident  rates  on  this 
basis.  The  table  is  restricted  to  two-lane 
roads  with  pavements  less  than  30  feet  wide. 
Extra  width  in  relation  to  the  approach 
pavement  definitely  reduces  the  accident 
hazard  on  bridges.  Table  31  shows  that  for 
bridges  having  the  same  relative  roadway 
width,  the  actual  width  of  the  bridge  pave- 
ment also  contributes  to  the  safety  of  the 
bridge. 

There  were  not  enough  underpasses  in 
the  study  to  warrant  any  conclusions  about 
the  effect  of  roadway  width  in  them.  Such 
evidence  as  there  is,  based  on  a  total  of  28 
accidents,  indicates  that  underpasses  are 
considerably  more  dangerous  than  over- 
passes, even  though  the  average  extra  width 
of  the  underpasses  in  this  study  is  about  2 
feet  more  than  that  of  the  bridges. 

Conclusions 

The  conclusions  fall  under  two  headings: 
(1)  a  brief  summary  of  the  findings,  (2)  a 
critique  of  the  study  itself.  The  latter  is 
as  important  as  the  former  in  guiding 
future  research  into  the  cause  of  accidents. 

A  summary  of  the  findings  was  given 
near  the  beginning  of  this  report  and  will 
not  be  repeated  here.  A  number  of  signifi- 
cant relations  were  discovered,  while  others 


Table  31. — -Accident  rates  (type  3)  at  bridges  and  overpasses  on  two-lane  roads  less  than  30 
feet  wide,  by  relative  width  of  bridge  roadway  and  adjoining  pavement,  and  actual  width  of 

bridge  roadway 

[rates  are  per  10  million  vehicles] 


Relative  width 

Number  of  accidents  and  accident  rate  when  width  of  roadway  on  bridge  is — 

Less  than  20  feet  1       20  to  24  feet             25  to  29  feet 

30  to  34  feet 

35  feet  or  more 

Number 

Rate 

Number 

Rate 

Number 

Rate 

Number 

Rate 

Number 

Rate 

Bridge  narrower  by 
more  tlia.il  1  foit.  . 

From  1  foot  narrower 
to  1  foit  wider  . 

Bridge  wider  by: 
1.1-3.0  ft 

17 
28 

5 

2 
0 
O 

8.1 

5.6 

■>:,  n 

20  0 

4 

27 

76 

76 

13 

0 

2.5 

2.7 

4.0 
3.1 
1.6 

0 
1 

0 

7 
2 
4 

0.9 

2.6 
.5 
.2 

0 

0 

0 

2 

2 

14 

4.0 
2.0 

.7 

0 

0 

0 
0 
0 
14 

0.9 

3.1-5.0  ft 

5.1-7.0  ft...  . 

More  than  7  ft 
Total ... 

52 

7.2 

196 

3.1  |           14 

0.4 

18 

0.8 

14 

0.9 

that  had  been  expected  to  be  clear-cut  did 
not  turn  out  as  expected. 

At  the  beginning  of  the  analysis,  the 
question  was  raised  as  to  which  type  of 
accident  rate  would  prove  most  reliable  of 
the  three  types  used:  (1)  adjusted  accidents 
(based  on  total-to-fatal  ratio),  all  States; 
(2)  actual  accidents,  selected  States  (se- 
lected for  their  presumed  completeness  of 
reporting)  ;  (3)  actual  accidents,  all  States. 
The  type  3  rate  makes  the  best  showing. 
Of  the  first  32  analyses  to  be  made  (e.g., 
two-lane  tangents  by  grade,  two-lane  tan- 
gents by  volume,  etc.) ,  the  type  3  rate  be- 
haves credibly  in  30  of  them  and  is  not  seri- 
ously misleading  in  any,  though  it  fails  to 
bring  out  the  effect  of  traffic  volume  on  two- 
lane  curves.  The  type  1  rate,  in  contrast, 
is  reasonable  in  only  25  of  the  analyses,  and 
in  2  cases  gives  results  which  are  significant 
by  statistical  tests  and  yet  are  seriously  mis- 
leading. The  type  2  rate  is  misleading  in 
only  1  case,  but  there  are  9  cases  in  which 
it  is  excessively  irregular  or  else  contains 
too  little  data  to  give  useful  results.  It 
would  seem  that,  with  the  present  data  at 
least,  one  can  probably  do  no  better  than 
simply  to  use  all  the  reported  accidents  at 
face  value. 

The  most  striking  feature  of  the  study  is 
the  amount  of  irregularity  in  most  of  the 
results.  Few  of  the  data  which  have  been 
presented  in  tables  and  graphs  can  be  fitted 
by  really  smooth  curves.  There  is  con- 
siderable scatter  about  the  overall  trends, 
and  it  is  likely  that  some  subtle  relations 
are  masked  by  these  irregularities. 

The  fluctuations  are  much  larger  than 
one  would  expect  from  considerations  of  the 
theory  of  sampling.  They  may  be  due,  in 
part,  to  errors  in  the  data,  such  as  the 
failure  of  the  original  accident  reports  to 
specify  the  accident  locations  with  sufficient 
accuracy. 

But  their  principal  cause  is  probably  the 
tremendous  complexity  of  the  problem  itself. 
Accidents  are  associated  with  so  many  fac- 
tors, in  such  a  multitude  of  combinations, 
that  one  has  to  resort  to  drastic  oversimpli- 
fications in  order  to  make  any  kind  of  order 
out  of  a  chaotic  mass  of  material.  The  re- 
markable thing  is  not  the  irregularities  in 
the  tabulations  but  the  number  of  useful 
conclusions  which  do  emerge.  Most  of  these 
conclusions  were  suspected  before  the  pres- 
ent study  was  begun,  but  the  statistical 
analyses  give  them  a  broader  foundation  in 
hard  facts  than  they  ever  had  before. 

However,  the  foundation  is  not  as  broad 
as  it  ought  to  be.  Too  many  of  the  States 
were  unable  to  provide  information  of  suf- 
ficient accuracy  and  detail  for  use  in  this 
study.  While  there  has  been  some  improve- 
ment in  this  regard  since  1941,  the  situa- 
tion is  still  far  from  satisfactory.  If  fur- 
ther progress  is  to  be  made  in  understanding 
the  causes  of  accidents,  many  of  our  States 
will  have  to  make  substantial  improvements 
in  the  quality  of  their  accident  reporting. 
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STATUS  OF  FEDERAL-AID  HIGHWAY  PROGRAM 

AS  OF  APRIL  30,  1953 
(Thousand  Dollars) 

STATE 

UNPROG  RAMMED 

BALANC  Is 

ACTIVE     PROGRAM 

PROGRAMMED  ONLY 

PLANS  APPROVED. 
CONSTRUCTION  NOT  STARTED 

CONSTRUCTION  UNDER  WAY 

TOTAL 

Totii] 
Cost 

Federal 
Funds 

Miles 

Total 

Cost 

Funds 

Miles 

Total 
Cost 

Federal 

Miles 

Total 

Federal 
Funds 

Miles 

Alabama 
Arizona 
Arkansas 

$13,011* 

1,101 

7.637 

$20,032 
6,731* 

9.1*81* 

$10,333 
i*,756 
5,060 

375-1 

lVf-7 

328.1* 

$5,793 
2,31*8 
5,281 

$2,903 
1,672 
2,662 

190.8 

27.1* 
180.8 

$3l+,  501* 

5,850 

11*,  162 

•$17,597 
3,517 
7,211 

1*66.  q 

69.  u 

233-1 

$60,329 

li+,932 
28,927 

$30,833 

9,9"*5 

H+,933 

1,032.8 

2l*l*.5 

71*2.3 

California 
Colorado 
Connecticut 

I*,l62 
3,953 
7,577 

32,930 

11,637 

1,023 

15,910 

6,595 

565 

173-6 

278.9 

2.1* 

18,922 
2,01*0 
3,306 

9,367 
1,131 
1,626 

76.8 
55.8 
9-2 

92,996 
11,69!* 

12,21*5 

1*5,370 
5,856 
6,231* 

225.6 

11*1*.  6 
27.2 

11*1*,  bi*B 
25,371 
16,571* 

71,11+7 
13,582 
6,1*25 

1*76.0 

1*79-3 

38.6 

Delaware 

Klonda 

Georgia 

3,563 

5,008 
15.085 

650 
22,61*7 

10,371 

325 

11,1*87 

5,382 

.8 
388.7 
227.6 

5,268 
3.81*3 

2,7>+3 
1.921 

80.0 

31*. 0 

7,257 
16, 181* 
37,072 

3,671 

8,181 

17,787 

3i*. 1 
262.1 
575.5 

7,907 
1*1*,  099 
51,286 

3,996 
22,1*11 
25,090 

31+. 9 
730.8 
837.1 

Idaho 

Illinois 

Indiana 

1+.357 
12,220 
Ht.117 

12,201* 
1*1*, 896 
31*. 715 

7,1*39 
21*,  01*3 
18,180 

291*.  5 
302.2 
155.9 

33,81*1* 
10,102 

1,856 
16,966 

1+.989 

55-9 

388.7 

1*8.7 

S,65S 
53,681* 
28,199 

5,51*0 
28,219 
15,139 

11*0.0 

378.6 

228.1 

23,821 

132,1*21* 

73,016 

H+,835 
69,226 
38,308 

1*90. 1* 

1,069.5 

1*32.7 

Iowa 

Kansas 

Kentucky 

3,719 
6,802 
5.839 

2U,6o6 

15,632 

16.290 

13,918 
7,635 

8.797 

668.1* 

1,272.1* 

228.9 

7,131 
8,871* 
8.090 

3,575 
l*,l+32 
1*.356 

318. 5 

337-9 

97.6 

10,131 
12,1*90 
16,51*8 

5,125 
6,015 
8,257 

1*50.7 
685.5 
285.O 

1*1,868 
36,996 
1*0,928 

22,621 
18,082 
21,1*10 

1,1*37-6 

2,295-8 

611.5 

Louisiana 

Maine 

Maryland 

1*,206 

!>,i*59 

9.126 

16,878 
3,179 

9.552 

8,1*67 
1,737 
i*,i*66 

132.0 
19.2 

82.1* 

10,701 
3,1*32 
2,1*77 

5,323 
1,903 
1,229 

62.7 
25-7 

22,812 

11,058 

9,887 

10,920 

5,11*1+ 
5,328 

126.1 
81.2 
1*2.0 

50,391 
17,669 
21,916 

21*,  710 

8,781* 

11,023 

320.8 
105.8 
150.1 

Massachusetts 

Michigan 

Minnesota 

11,823 
11,365 

3,602 
26,377 
18,81*1 

1,91+6 
13,1*09 
10,071* 

12.2 

52l*.2 
1,350.3 

858 

10,1*65 
9,61*2 

1*29 
5,250 
5,088 

185.3 

1*81*.  2 

1.3,518 

58,070 

9,635 

20,723 
25,391+ 
5,298-- 

1*6.5 

251.5 

■-       209.9 

1*7,978 
91*,  912 
38,118 

23,098 
1*1*,053 
20,1+60 

58.7 

961.O 

2,0l+l+.l+ 

Mississippi 
Montana 

3,1*21 

12,253 

7,62l' 

17,736 
18,115 

li*,836 

3,929 
9,1*71 
9,369 

682.1* 
817.7 
317.9 

8,710 
23,903 

V-  -1 

i*,i+86 

ll,38l 

2,251* 

276.9 

200.6 

76.1 

15,918 
38,396 
15,696 

8,356 

20,189 
9,1+55 

1*67.9 
1*1*7.9 
21*3.1* 

1*2,361* 
80,  i*li* 
3>+,  1+63 

21,771 
1*1,01*1 
21,078 

1,1+27.2 

1,1+66.2 

637.1+ 

Nebraska 

Nevada 

New  Hampshire 

New  Jersey 
New  Mexico 
New  York 

16,796 
5,266 

•V    '! 

10,893 
1*,935 
l*,l*50 

5,951 
1*,131 
2,225 

!*95-7 
111*.  2 

26.1* 

2,283 

2,211 

85 

1,696 

1,812 

1*7 

63.3 
50.9 

11,830 

*      5,018 

5,892 

6,005 
3,862 
3,069 

289.7 

138.1 

37-1 

25,006 

12,161* 

10,1*27 

13,652 
9,805 
5,31+1 

81*8.7 
303.2 
•63.5 

7,580 

1,675 

1*2,527 

7,2«2 

6,178 

81,01*7 

3,1*68 

3,91*!* 

1*3,286 

36.7 

167.3 

93.7 

7,71+1 

U.078 

27.755 

3,338 

2,593 

13,81*3 

5.2 
81.1 

28.0 

31,923 

7,509 

113,999 

15,1+87 

l+,776 

52,805 

35-3 
21*6.3 
325.1+ 

1*6,906 

17,765 

222,801 

22,793 

11,313 

109,931* 

77.2 
i*9!+.7 
1*1*7.1 

North  Carolina 
North  Dakota 
lib,., 

6,551 

2,101* 
13,535 

27,831* 
11,398 
31*, 723 

13,372 

5,710 

16,823 

635.1 
1,31*9.7 

161*. 8 

"+,575 
6,1*73 
8.801* 

2,178 
3,377 

1*,357 

169.3 
1*63.5 

1*0.8 

30,690 

5,81*8 

85,761* 

H+,773 

2,96l 

1*2,955 

i*9  ■■■'-' 
1*1*1.1* 
116.7 

63,099 

23,719 

129,291 

30,328 
12,01*8 
64.135 

l,30i*.0 

2, 251*. 6 

322.3 

Oklahoma 
( Oregon 
Pennsylvania 

13,181 

3,809 

H*,713 

10,156 

2,285 

35.927 

5,51+1 

1,320 

15,972 

168.1* 
58.3 
97.7 

2,562 

3,186 

21*.  233 

1,365 

1,899 

12.079 

1+7-5 
1*1.3 
90.0 

18,011 
13,766 
83.658 

9,1*62 

8,281 

1*1,623 

288.2 
195.0 
176.7 

30,729 
19,237 
11*3,818 

16,368 
11,500 
69.671* 

501*.  1 
291*. 6 
361*. 1* 

Khode  Island 
South  Carolina 

Smilh  Dakota 

Yet  n 

Was!. 

Wesl  V 
Wisco 

a 

1,531 
6,862 
1.508 

3,907 
10,01*2 
11,688 

1,953 
5,352 
6.885 

39.9 

261.9 
783.2 

1,053 

3,371* 
l*,23l* 

526 
1,692 
2.1*03 

3-6 

101.6 
231*.? 

20,01*9 

16,598 

7,1*15 

10,39** 
8,561* 
1*,572 

28.2 

1*20.2 
390.1* 

25,009 
30,011* 

23.337 

12,873 
15,608 
13.860 

71.7 

783.7 

1.1*07.9 

9,93b 
20,595 

13,715 

11,589 

6,170 

6,670 
6,278 
1*,713 

393-6 
192.0 
107.1* 

2,730 

12,1*81 

3,583 

1,371 
6,631* 
2,691* 

83J 

231.0 
1*2.3 

36,167 
60,31*2 
9^275 
7,530 
30,722 
12, '"">.' 

16,269 
32,623 

7,036 

321.0 

1,21*7.1* 

133.2 

52,632 
8U,  1*12 
19,028 

21*,  310 
1+5,535 
11*,  1*1*3 

798.2 

1,670.1* 

287.9 

5,391* 
2,21| 

5,088 
15,11*6 

11*.  288 

2,728 
7,228 
7,570 

1*9.1 
133.8 
21*1.9 

1,176 
8,375 
1*,163 

588 

2,116 

7.1 

151+.1 
79.2 

3,758 

l>*,799 

6,919 

1*9. 1* 

251+.7 

70.9 

13,791+ 
5!+,2i+3 
31,1*1*9 

7,07l* 
26,185 
16,605 

105.6 
51*2.6 
392.0 

5,768 

16,991* 

5A18 

2,907 
9,093 
3,529 

30.1* 
318.5 

159-8 

i*,i*05 

15,206 

1,21*3 

2 ,  22  •; 

7,1*32 

821* 

10.1 

21*2.6 

1*3.5 

1  .  ij 
30,21*1* 
7.731* 

9,1*60 

15,559 

5,121* 

155-7 
297.1+ 
137.3 

29,021* 
62,1+1*1* 
l»+,395 

li*,590 

32,081* 

9,^77 

196.2 
858.5 
31*0.6 

3,592 

1,71*1* 
5,i 

8.6 

8.3 

60..O 

71*2 
1*,211 
1,278 

371 

2,10l* 
60S 

3-2 
1.2 
6.5 

9,328 

7,11+3 

12,218 

"+,521 

3,281 
5,807 

19.2 

.7 

1*2.8 

13,662 
2l+,281* 
22,253 

6,636 
11,239 
10.697 

31.0 

10.2 

109.3 

ll*,98o.2 

35i*,  110 

182,873 

5,51+3.8 

1,287,206 

61*9,276 

12,1*85.8 

2,1*16,1*98 

1,238,971 

33,009.8 

*>{•&•  °" / /  / 
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Studies  of  the  Hardening  Properties 
of  Asphaltic  Materials 


BY  THE  PHYSICAL  RESEARCH  BRANCH 
BUREAU   OF   PUBLIC   ROADS 


Reported  by  JARL  T.  PAULS, 

Chief,   Bituminous   Section, 

and  J.  YORK  WELBORN, 

Highway  Physical  Research  Engineer 


The  rate  and  amount  of  hardening  of  asphaltic  materials  is  an  important 
factor  in  the  service  behavior  and  life  of  bituminous  pavements. 

This  article  describes  several  methods  which  can  be  used  for  evaluating  the 
hardening  properties  of  asphaltic  materials.  Two  methods,  the  abrasion  test 
and  the  weathering-strength  test,  were  developed  and  used  for  evaluating  the 
hardening  properties  of  a  large  number  of  asphaltic  materials.  These  methods 
of  test  are  based  upon  the  changes  in  the  physical  properties  of  standard  sand- 
asphalt  mixtures  during  exposure  to  heat  and  air.  The  thin-film  oven  test, 
developed  by  the  Bureau  of  Public  Roads  some  years  ago,  ivas  also  used  to 
evaluate  the  hardening  of  these  asphaltic  materials.  Comparisons  of  the  results 
of  the  abrasion  test,  the  weathering-strength  test,  and  the  thin-film  oven  test 
show  that  the  rate  and  amount  of  hardening  of  asphaltic  materials  can  be  deter- 
mined by  any  of  these  methods. 

From    this  study  it   is  concluded   that: 

1.  Asphalts  differ  in  their  hardening  properties,  depending  on  the  source 
of  the  crude  petroleum  and  the  methods  used  in  their  manufacture. 

2.  When  subjected  to  weathering,  cracked  asphalts  become  hard  and  brittle 
more  rapidly  than  do  uncracked  asphalts  and  also  develop  a  higher  degree  of 
hardness  and  brittleness,  the  rate  of  hardening  increasing  with  the  degree  of 
cracking. 

3.  Increase  in  hardness  of  the  asphalt  as  indicated  by  decrease  in  penetra- 
tion is  accompanied  by  changes  in  other  properties,  such  as  increase  in  soften- 
ing point  and  decrease  in  ductility. 

4.  Since  the  thin-film  oven  test  produces  changes  in  the  asphalt  comparable 
to  those  produced  by  the  other  test  methods  and  since  it  is  a  more  rapid  and 
simpler  test  to  make,  it  is  more  suitable  for  use  as  a  specification   test. 


AMONG  the  many  factors  that  may  cause 
.  the  failure  of  a  bituminous  pavement, 
the  hardening  properties  of  the  bituminous 
material  are  highly  important.  A  quantita- 
tive knowledge  of  the  tendency  of  an  asphalt 
to  harden  is  one  of  the  indispensable  meas- 
ures in  predicting  the  service  behavior  of 
a  bituminous  pavement.  Investigations 
have  shown  that  pavement  failures  increase 
when  the  penetration  of  the  asphalt  drops 
to  certain  critical  values,  which  vary  some- 
what depending  upon  such  factors  as  cli- 
mate, flexibility  of  base  and  subgrade,  and 
traffic  conditions. 

The  hardening  of  an  asphalt,  as  shown 
by  a  drop  in  its  penetration,  is  accompanied 
by  changes  in  other  properties  of  the  ma- 
terial. The  test  characteristics  affected  in- 
clude ductility,  softening  point,  and  the 
amount  of  material  insoluble  in  selective 
solvents.  Some  of  these  properties  often  are 
altered  to  a  greater  degree  than  can  be 
accounted  for  by  the  decrease  in  penetration 
alone.  In  this  report  the  changes  in  the 
properties   of   the    asphaltic    materials    are 


discussed  mainly  from  the  standpoint  of 
the  decrease  in  penetration  induced  by  vari- 
ous weathering  or  exposure  conditions.  The 
discussion  of  other  characteristics  is  sec- 
ondary, although  they  may  be  of  equal  or 
greater  importance. 

Asphalt  in  thin  films  may  harden  very 
rapidly  when  subjected  to  high  tempera- 
tures. In  contrast  to  the  normally  slow  rate 
of  hardening  of  the  binders  that  occurs  in 
the  finished  pavement,  the  alteration  in  the 
test  characteristics  of  asphalts  that  may 
occur  under  certain  mixing  and  laying  con- 
ditions may  be  striking.  In  fact,  there  are 
data  that  show  that  the  loss  in  penetration 
occurring  in  the  mixing  and  laying  opera- 
tion may  be  greater  than  the  loss  subse- 
quently occurring  in  the  pavement  over 
a  period  of  as  much  as  10  years  after  con- 
struction. 

In  the  mixing  operation,  because  of  the 
relatively  large  mass  of  the  granular  ma- 
terials, compared  to  the  small  mass  of  the 
asphalt,  the  temperatures  of  such  materials 
at  the  time  they  are  placed  in  the  mixing 


box  have  a  greater  effect  than  does  the 
temperature  of  the  asphalt.  Heating  as- 
phalts in  a  large  mass,  such  as  is  done  in 
storage  tanks  at  the  mixing  plant,  does  not 
lower  their  penetration  appreciably.  It  is 
only  when  the  asphalt  coats  the  hot  stone 
particles  as  a  thin  film  in  the  mixing  box 
that  the  conditions  most  favorable  to  rapid 
hardening  are  obtained. 

Present  information  indicates  that  aggre- 
gate temperatures  lower  than  300°F.  at 
the  time  of  mixing  are  not  particularly 
damaging  to  the  more  normal  asphalts. 
However,  many  asphalts  are  adversely  af- 
fected at  only  slightly  higher  temperatures, 
with  rapidly  increasing  loss  in  penetration 
occurring  with  increasingly  higher  tempera- 
tures. Even  when  precautions  are  taken  to 
reduce  the  damage  to  the  asphalts  which 
occurs  in  the  mixing  operations,  particularly 
by  keeping  the  mixing  temperature  only  as 
high  as  required  to  obtain  a  good  coating 
of  the  stone  particles,  the  amount  of  harden- 
ing of  the  asphalt  occurring  in  the  mixing 
and  laying  operations  and  in  subsequent 
service  may  nevertheless  differ  widely  for 
different  asphalts,  depending  on  the  source 
of  the  crude  petroleum  from  which  the  as- 
phalt is  produced  and  the  methods  used  in 
its  refining. 

Conclusions 

From  the  studies  made,  it  may  be  con- 
cluded that: 

1.  This  investigation  substantiates  the 
fact  developed  by  previous  investigations 
that  the  hardening  of  asphalts  caused  by 
weathering  is  evidenced  by  a  decrease  in 
penetration  and  ductility  and  an  increase 
in  softening  point. 

2.  Asphalts  differ  in  their  hardening  prop- 
erties, depending  on  the  source  of  the  crude 
petroleum  and  on  the  method  of  refining. 

3.  When  subjected  to  weathering,  asphalts 
that  have  been  severely  cracked  in  manu- 
facture harden  and  develop  brittleness  more 
rapidly  and  to  a  greater  degree  than  those 
that  are  not  cracked.  The  rate  of  harden- 
ing increases  with  the  degree  of  cracking. 

4.  The  following  tests  have  been  found  to 
be  useful  for  obtaining  a  measure  of  the 
resistance  of  asphalts  to  heat  or  weathering 
as  evidenced  by  rapidity  and  degree  of 
hardening: 
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Table    I . — Source  of  crude  and  method  of  refining  asphalt  cements 


Identification  and  source  of  crude  (or  where  used) 


California . 
Do... 
Do... 

Venezuela. 
Do.  .. 


Do. 

Kansas. 
Do. 
Do. 
Do. 


Kentucky 

Do 

Wyoming.    

Mexican  (Panuco) . 

Do.. 


Columbia 

Venezuela 

Do 

Arkansas  (Smackover) . 

Do 


Kentucky  and  Illinois 

Trinidad  Lake 

Bermudez  Lake 

California  (San  Joaquin) .  .  . 
Field  sample,  Rhode  Island. 


Field  sample,  Virginia . 

Venezuela 

Kentucky  or  Illinois. .  . 

California 

Kansas 


Do 

Do 

Wyoming 

Kansas 

Kentucky  or  Illinois . 


Field  sample,  Virginia 

California 

Field  Sample,  Rhode  Island . 
Venezuela 


Do. 

Kansas . 
Do. 
Do. 

Ohio  . 


Venezuela. 

Kentucky . 


Method  of  refining 


Reduction  and  steam. 

Do. 

Do. 
Pipe  still,  vacuum. 

Do. 

Do. 

Shell  still. 
Do. 
Do. 
Do.  (highly  craekcdj 

Dubbs  cracking  process  (highly  cracked). 

Do. 
Fire  and  steam  (slightly  cracked). 
Steam,  Trumble  pipe  still  (slightly  cracked). 


Pipe  still,  vacuum. 

Air  and  steam  (slightly  cracked). 

Pipe  still,  vacuum. 

Vacuum  at  low  temperature. 

Vacuum,  89  mp.  flux. 

Fire  and  steam,  probablv  blown. 

Fluxed. 

Fluxed. 


(Highly  cracked). 


Pipe  still,  vacuum. 
Do. 
Do. 


the  hardening  of  the  asphalt  is  measured 
directly  (rather  than  indirectly  as  in  the 
case  of  the  abrasion  test  and  weathering- 
strength  test) ,  and  because  the  test  does 
not  require  the  extraction  and  recovery  of 
the  asphalt,  as  in  the  case  of  the  Shattuck 
test  and  outdoor  exposure  tests,  and  thus 
eliminates  any  uncertainty  regarding  the 
effect  of  the  recovery  procedure  on  the 
characteristics  of  the  weathered  asphalt. 

Tests  of  Hardening  Properties 

The  standard  test  now  used  for  determin- 
ing the  hardening  properties  of  asphalts 
is  the  test  for  loss  on  heating  and  the  pene- 
tration test  on  the  residue.  In  this  test, 
a  50-gram  sample  of  asphalt  is  placed  in 
a  metal  container  of  such  dimensions  that 
the  sample  has  a  surface  area  of  about  3.7 
square  inches  and  a  depth  of  about  thirteen- 
sixteenths  of  an  inch.  The  sample  is  heated 
in  an  oven  at  325°F.  for  5  hours,  after 
which  the  percentage  loss  of  material  and 
the  loss  in  penetration  are  determined.  It 
is  generally  agreed  that,  because  of  the 
relatively  large  depth  of  the  sample  with 
correspondingly  small  surface  area,  the  con- 
ditions of  this  test  are  not  sufficiently  severe 
to  evaluate  the  relative  hardening  proper- 
ties of  asphalt. 

Another  test  of  loss  on  heating  is  the  thin- 
film  oven  test,1  which  appears  to  be  a  very 


1  The  properties  of  the  residues  of  50-60  and  85- 
100  penetration  asphalts  from  oven  tests  and  ex- 
posure, by  R.  H.  Lewis  and  J.  Y.  Welborn.  Public 
Roads,  vol.  22,  No.  2,  April  1941.  Behavior  of  asphalts 
in  thin-film  oven  test,  by  R.  H.  Lewis  and  W.  J. 
Halstead.  Public  Roads,  vol.  24,  No.  8,  April-May- 
June    1946. 


(a)  The  abrasion  test,  in  which  resistance 
to  abrasion  of  a  standard  asphalt  mixture 
is  inversely  proportional  to  the  hardness 
of  the  asphalt. 

(b)  The  weathering-strength  test,  in 
which  increase  in  compressive  strength  of 
a  standard  asphaltic  mixture  is  generally 
proportional  to  the  hardness  of  the  asphalt. 

(c)  The  Shattuck  test,  in  which  the  hard- 
ness characteristics  of  the  asphalt  in  a 
standard  mixture  are  determined  after  the 
mixture  has  been  exposed  to  heat  in  a  stand- 
ard manner. 

(d)  Outdoor  exposure,  in  which  the  hard- 
ness characteristics  of  the  asphalt  contained 
in  a  standard  asphaltic  mixture  are  de- 
termined after  exposure  of  the  mixture  to 
natural  weathering. 

(e)  The  thin-film  oven  test,  in  which  the 
hardness  characteristics  of  the  asphalt  are 
determined  after  it  has  been  exposed  to 
heat  in  an  oven. 

•r>.  With  any  of  the  above-mentioned 
methods  of  test  the  same  degree  of  harden- 
ing can  be  obtained  by  varying  the  time  or 
temperature  of  exposure. 

6.  Of  the  test  methods  enumerated  above, 
the  thin-film  oven  test  is  the  most  suitable 
lor  use  as  a  specification  test  because  it 
requires  the  least  amount  of  time,  because 
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7.31    AT   8  HOURS 

II     KENTUCKY    ~ 

(POS.) 
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(POS.) 


I5     MEXICAN 
(POS.) 
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(NEG.) 


24CALIF0RNIA 
(NEG.) 
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Figure  1. — Results  of  abrasion  test  on  asphalt  cements  weathered  at  325  °F. 


188 


August  19S3*  PUBLIC  ROADS 


Table  2.— Results  of  abrasion   test  on  asphalt  cements  after  oven  weathering  at  325°  F. 


Identification  and  source  of  asphalt 


1.  California. 

2.  Do  .  .  . 

3.  Do... 

4.  Venezuela . 

5.  Do    .  . 


6.  Do. 

7.  Kansas. . 

8.  Do. 

9.  Do. 
10.  Do. 


11.  Kentucky  . 

12.  Do... 

13.  Wyoming. 

14.  Mexican    . 

15.  Do .  .  . 


Hi. 
17. 
is. 
lit 
20. 


Columbia. 
Venezuela. 

Do.  .  . 
Arkansas.  . 

Do.  .  . 


21.  Kentucky  and  Illinois.  .  . 

22.  Trinidad  Lake 

23.  Bermudez  Lake 

24.  California 

25.  Field  sample,  Rhode  Island. 


26.  Field  sample,  Virginia. 

27.  Venezuela 

28.  Kentucky  or  Illinois.  . 

29.  California 

30.  Kansas 


31.  Do 

32.  Do 

33.  Wyoming 

34.  Kansas 

35.  Kentucky  or  Illinois. 


36.  Field  sample,  Virginia 

37.  California 

39.  Field  sample.  Rhode   Island. 

40.  Venezuela 


41.  Do. 

42.  Kansas. 

43.  Do . 

44.  Do. 

45.  Ohio.... 


46.  Venezuela. 

47.  Kentucky . 


Tests  on  the  original  asphalt 


Oliensis  spot 
test 


Negative . 

...do 

...do 

...In    .... 


...do.... 
...do.... 
...do.... 
...do.... 
Positive. 


..do 

..do 

..do 

Negative. 
Positive .  . 


Negative . 
Positive.  . 
Negative . 

...do 

..do 


.do.* 


Negative. 
..do 


.do. 
.do. 
.do. 
.do 


Positive.  . 

.  Negative 

...do 

...do 

...do 

...do 


.do. 
.do. 
.do. 
.do. 

.do. 
.do. 
.do. 
.do. 
.do. 

.do. 

.do. 


Xylene 
equiva- 
lent 


60-64 

80-84 
80-84 
20-24 


21-28 


8-12 


88  + 


Penetra- 
tion  at 
77°  F. 


54 

'in 
131 

"»1 

MS 

138 
61 
83 

137 
92 

87 
102 

95 
106 
101 

110 

1)7 
105 
96 
98 

105 
100 
102 
89 
65 


64 
93 
102 

7.', 

75 
76 
85 
87 


117 

Illl) 

67 
86 

67 
68 

II!) 

132 
94 

54 
89 


Abrasion  loss  '  after  oven-weathering  at  325°  F.  for — 


Nor 


Gms. 
3.34 
1.86 
1.45 
1.17 
.95 

.18 
1.36 


}-i  hour 


.05 
.99 

3  25 
2.75 
1.50 
.19 
1.38 

.17 

.77 
05 
.79 
.09 

15 

.83 

.41 

2.40 

1.40 

.37 

.63 

1.06 

2.01 

3.93 

.61 
1.32 
1.07 
1.01 

.19 

59 
1.91 


1.24 

1.61 
.35 

1.02 
33 
23 

1.53 
1.45 


Gms. 
0.32 
.21 

II 
18 

in 

01 
.02 


1  hour 


00 
.02 

13 
53 

12 
00 
.09 

02 
02 
01 

I  I 

on 

00 
25 


.21 
.03 

.02 
.01 
.12 
.15 
1.65 

.08 
.46 
.23 

.03 
.01 

.18 
.23 


Gms. 
0  68 
.45 
65 
18 
117 

05 

(il 


.08 

1.37 

1.18 

.27 

.05 

.19 

04 

I  I 
ill 
.15 
02 

ill 
..',il 

27 
.51 
.13 

.07 
.04 
.26 
.36 
2.38 

.13 

.411 
.49 
.10 
.02 

25 
.65 


38 

34 
.05 
,27 

03 
,02 

.25 
.30 


2  hours 


Gms. 
0.76 
.67 
.87 
.38 
13 

15 

.20 


.02 
2) 

2.07 

2.41 

.42 

.13 

.37 

06 
.51 
.09 
.20 
,03 

02 
,81 

.29 
84 
16 

16 

.10 

.42 

.70 

3.57 

30 
.67 
.62 

31 
.03 


.81 


.53 

.  57 

(is 

I., 

.09 

03 

24 

.28 


4  hou 


Gms. 

0.91 

.87 

1.07 

.51 


26 

4H 
25 
.07 
.49 

5 .  54 

5.87 

.73 

.31 

.63 

.08 
.90 
17 
.36 
.07 

01 

1.05 
.51 

1.07 
.28 

28 
35 

7  1 

.86 

4.92 

18 

.97 
77 
.33 
.07 

1.11 
1.03 


8  hours 


(has. 
1    02 

1.50 
70 
.43 

38 

7.1 

30 

.20 

1.14 

7.31 

8.19 

1.27 

.50 

1.06 

.19 

1   47 
.23 

.55 

.is 

.03 

1.18 

85 

1.71 

.56 

33 

.76 
1.17 

.92 
8.01 

.64 
1.36 
1.13 

.66 

.17 

1.66 
1  34 


.96 

1  14 
.32 
90 
48 
.57 

.96 
62 


1  loss  in  grams  of  mixture  per  1 ,000  grams  of  shot. 


Probably  blown. 


satisfactory  method  for  evaluating  the 
hardening  properties  of  asphalts.  In  this 
test  a  50-milliliter  (approximately  50  gram) 
sample  is  placed  in  a  tin  5.5  inches  in  di- 
ameter. Thus,  its  surface  area  is  nearly  24 
square  inches  and  its  depth  is  approximately 
one-eighth  inch.  As  in  the  standard  test, 
the  sample  is  heated  in  an  oven  at  325°F. 
for  5  hours,  after  which  the  penetration, 
softening  point,  and  ductility  are  deter- 
mined. 

Some    investigators    have    preferred    to 


study  the  effect  of  heat  on  asphaltic  ma- 
terials by  subjecting  aggregate  mixtures 
containing  these  asphalts  to  some  type  of 
heat  test,  and  then  testing  either  the  mix- 
ture by  some  physical  test  or  the  extracted 
and  recovered  asphalt  for  penetration, 
ductility,  and  softening  point. 

Two  types  of  tests,  both  based  on  the 
changes  occurring  in  the  physical  proper- 
ties of  standard  mixtures  after  exposure  to 
heat  and  air,  were  developed  and  used  for 
this  study.     These  were  the  abrasion  test, 


which  is  similar  to  that  developed  by  H.  N. 
Hveem,2  and  the  weathering-strength  test. 

The  Abrasion  Test 

The  abrasion  test,3  as  made  by  the  Bureau 
of  Public  Roads  laboratory,  was  originally 


-'  Abrasion  test,  by  H.  N.  Hveem.  California  High- 
way and  Public  Works,  Nov. -Dec.  1946. 

3  Evaluation  of  asphalts  by  means  of  an  abrasion 
test,  by  J.  T.  Pauls  and  It.  A.  Peck.  Proceedings 
of  the  Associntion  of  Asphalt  Paving  Technologists, 
vol.    19.   1950. 


Table   3. — Results  of  abrasion   test   on   liquid   asphalts   after  oven    weathering  at    325°  F. 


Identification  and  source  of  asphaltic  material 


L-l.  Kansas,  RC-4   . . 

L-2.  Do 

L-3.  Do 

L-4.  Kansas,  MC-4. . 

L-5.  Do 

L-6.  Do 

L-7.  Michigan,  SC-4. 

L-8.  Do 


Tests  on  the  distillation  residue 


Spot  test 


Negative 

....do 

Positive  2. . .  . 
Negative.  .  . 

do 

Positive  8... . 
Negative.  . .  . 
Positive  2.. .  . 


1  Loss  in  grams  of  mixture  per  1.000  grams  of  shot.     *  Highly  cracked. 
PUBLIC  ROAOS  •  Voi.  27,  No.    9 


Penetra- 
tion at 

77°  F. 


Cm. 


7S 
82 
95 
196 
246 
158 


Ductility 
at  77°  F. 


Cm. 
170 
130 
132 
90 
70 
80 


S&ftening 
point 


o  p 


123 
124 
114 
124 
126 
126 


Abrasion  loss  '  after  oven-weathering  at  325°  F.  for — 


1  hour 


Gms. 

1.17 

.73 

2.11 

13 

.03 

1.05 

.02 

3.19 


2  hours 


Gms. 

1.42 

1.31 

3.55 

.21 

.10 

2.40 

.05 

11.30 


hours 

Gms 

1 

81 

1 

59 

4 

80 

46 

18 

3 

82 

14 

23 

.95 

8  hours 


Gms. 

2.32 

1.96 

6.26 

1.02 

.36 

6.12 

.68 

34.25 
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Figure  2. 
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HOURS    WEATHERED  IN    OVEN    AT   325°    F 
-Results  of  abrasion  lest  on  liquid  asphalts  weathered  at  325°F. 


while  being  tested.  In  the  Public  Roads 
laboratory  the  test  is  made  at  77CF.,  where- 
as California  uses  60°F.  One  would  expect 
somewhat  higher  abrasion  losses  with  the 
lower  test  temperature,  other  test  condi- 
tions being  the  same.  Exact  control  of  the 
test  temperature  is  most  important  in  mak- 
ing this  test  because  any  change  or  dif- 
ference in  temperature  quickly  affects  the 
consistency  of  the  asphalt  film  on  the  sur- 
face of  the  sand  particles  and,  consequently, 
the  abrasion  loss. 

Abrasion  losses  were  determined  for  oven- 
weathering  periods  ranging  from  15  min- 
utes to  8  hours,  and  for  longer  periods  in 
a  few  instances.  Weathering  at  a  tempera- 
ture of  325°F.  for  periods  longer  than  8 
hours  appeared  to  have  no  particular  value 
although,  as  would  be  expected,  the  abrasion 
loss  increased  with  an  increase  in  the  dura- 
tion of  the  oven  exposure. 

Uniform  oven  weathering  of  the  test 
specimens  was  not  obtained  in  the  early 
test  work.  Using  a  forced-draft  type  oven, 
the  degree  of  weathering  was  found  to  differ 
considerably  depending  on  the  position  of 
the  individual  test  specimen  in  the  oven. 
This  variation  in  weathering  was  largely 
eliminated  by  placing  the  test  specimens 
in   an   oven   pan   slightly   deeper   than   the 


described  in  a  paper  presented  at  the  meet- 
ing of  the  Association  of  Asphalt  Paving 
Technologists  at  St.  Louis  in  1950.  The 
present  paper  includes  the  data  from  the 
original  paper  and  also  the  results  of  addi- 
tional work  done  subsequent  to  that  time. 

Essentially,  the  abrasion  test  consists  of 
the  determination  of  the  loss  in  weight  of 
an  asphaltic  mixture  resulting  from  drop- 
ping a  definite  quantity  of  shot  from  a 
height  of  1  meter  onto  the  revolving  hori- 
zontal surface  of  the  weathered  test  speci- 
men. It  is  assumed  that  the  amount  of 
loss,  from  the  abrasive  action  of  the  shot, 
is  directly  related  to  the  hardness  of  the 
asphalt. 

In  the  California  procedure  developed  by 
Hveem,  molded  mixtures  of  Ottawa  sand 
and  asphalt  are  weathered  in  a  special 
weathering  machine  which  employs  an  air 
temperature  of  140°F.  and  direct  rays  of 
standard  drying  lamps,  which  emit  the  bulk 
of  their  energy  in  the  infrared  band.  One 
cycle  requires  5  hours  of  exposure  and  the 
complete  test  consists  of  nine  cycles.  In 
the  Public  Roads  procedure,  the  test  speci- 
mens are  weathered  in  an  oven  at  325 °F. 
for  various  periods  of  time  from  15  minutes 
to  8  hours. 

The  important  difference  between  the 
Public  Roads  test  and  the  California  test 
is  in  the  weathering  of  the  specimens. 
Oven  weathering  at  325°F.,  the  procedure 
used  in  this  study,  is  more  rapid  and  if,  as 
is  believed,  it  evaluates  the  hardening  prop- 
erties of  the  materials  properly,  it  has  this 
advantage  over  the  less  severe  and  more 
time-consuming  procedure  used  by  Hveem. 

Another  difference  in  procedure  is  in  the 
temperature  at  which  the  specimen  is  held 


100 


300 


200  300  400  100  200 

HOURS   WEATHERING   AT   140°  F. 
Figure  3. — Results  of  abrasion  test  on  asphalt  cements  weathered  at  140°  F. 
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Table    4. — Comparative    abrasion    losses    of    asphalt    cements    after    weathering    at    low 
temperature   in   oven   and   in   wealherometer  at   140°  F. 


Identification  and  source  of  aaphalt 


2  California 

5.  Venezuela 

8.  Kansas 

10.  Kansas  (highly  ciacked).  .  . 

11.  Kentucky  (highly  cracked). 

13.  Wyoming  (slightly  cracked) 

14.  Mexican 

15.  Mexican  (slightly  cracked) 

17.  Venezuela  (slightly  cracked) 

18.  Venezuela 

28.  Kentucky  or  Illinois 


Abrasion  loss  '  aftei  weathering  at  140°  F.  for 


64  hours 


Weather- 
cmeter 


1.79 
.82 

1.45 
.94 

3.09 
.62 

1.01 

1.01 
.37 
.42 
.85 


Oven 


0.43 
.14 
.11 
.49 

4.14 
.13 

1.24 

1.13 
.17 
.18 

1.24 


192  hours 


Weather- 
ometer 


1.85 

1.09 

1.63 

1.29 

2.31 

.93 

1.46 

1.48 

.77 

.66 

1.11 


Oven 


0.48 
.36 
.44 
.30 

3.78 
.16 

1.86 

1  03 
18 
24 

!.28 


400  hours 


Weatber- 
ometer 


2  07 
1.33 
1  99 
1.43 
3.10 
1.43 
1  58 
1.63 
1  09 
97 
1  .62 


Oven 


0.54 
36 
til 
.39 

4  79 
.19 


1.22 
.25 
.34 

1   62 


1  Loss  in  grams  of  mixture  per  1,000  grams  of  shot. 

height  of  the  specimens  and  covering  the 
pan  with  a  fine  wire  screen,  thus  reducing 
the  air  currents  around  the  specimens. 
Very  uniform  weathering  conditions  were 
obtained   by  following  this   procedure. 

In  order  to  make  a  direct  comparison  be- 
tween the  result  of  slow  and  rapid  weather- 
ing, two  limited  series  of  tests  were  made 
in  which  the  weathering  temperature  was 
140°F.  One  of  these  utilized  a  conven- 
tional weatherometer  with  carbon-arc 
lamps  and  controlled  ventilators  for  main- 
taining the  desired  temperature,  and  the 
other  series  was  weathered  in  an  electric 
oven  set  to  maintain  a  temperature  of  140°F. 
The  results  of  these  comparative  tests  are 
included  in  this  report.  The  details  of  the 
abrasion   test   are    described    on    page    199. 

The  Weathering-Strength  Test 

The  weathering-strength  test  developed 
and  used  in  this  study  is  based  on  the  find- 
ings of  previous  investigations  that  the 
compressive  strength  on  cylindrical  speci- 
mens of  bituminous  mixtures,  composed  of 
Ottawa  sand  and  asphalt,  when  tested  in 
compression  without  lateral  support,  is  pri- 
marily a  measure  of  the  cohesive  strength 
of  the  asphalt,  a  property  closely  related 
to  its  penetration  or  hardness.  Accordingly, 
the  test  procedure  consists  of  exposing 
molded  cylindrical  specimens  of  Ottawa 
sand  and  asphalt  mixtures  in  an  oven  at 
325°F.  for  various  periods  of  time  and  de- 
termining  their   compressive   strengths. 

The  difficulty  of  weathering  molded  cy- 
lindrical specimens  of  asphaltic  mixtures 
at  a  temperature  of  325°F.  without  having 
them  deform  was  overcome  by  placing  the 
test  specimens  in  perforated  oversize  cans 
and  filling  the  space  between  the  specimen 
and  the  can  with  Ottawa  sand.  The  support 
provided  by  the  sand  prevented  the  test 
specimens  from  deforming  in  all  instances, 
even  when  weathering  mixtures  of  low 
strength  such  as  those  composed  of  liquid 
asphalts.  The  details  of  the  weathering- 
strength  tests  are  given  on  page  201. 

A  considerable  number  of  asphaltic  ma- 
terials were  tested  by  the  abrasion  test  and 
by  the  weathering-strength  test  in  this 
study.     They  cover  a  range  in  type,  grade, 


source,  and  method  of  refining.  The  source 
and  method  of  refining  are  not  known  for 
a  number  of  these  materials  and,  in  some 
instances,  the  only  identification  available 
is  the  location  in  which  they  were  used. 
Table  1  lists  the  asphalt  cements  which 
were  tested,  with  such  information  relative 
to  the  source  of  the  crude  and  the  method 
of  refining  as  is  available. 


Abrasion  Test  on  Asphalt  Cements 

Test  results  on  the  original  asphalt  ce- 
ments and  the  results  of  the  abrasion  test 
are  given  in  table  2. 

Generally  low  abrasion  losses  were  ob- 
tained on  all  the  negative-spot  asphalts  pre- 
pared from  the  midcontinent  petroleums. 
Of  the  materials  from  this  source,  No.  21, 
made  from  Kentucky-Illinois  petroleum  and 
reported  as  probably  blown,  had  the  lowest 
loss  in  abrasion,  0.03  grams,  after  8  hours 
of  oven  weathering.  More  typical  abrasion 
losses  on  materials  from  this  field  were 
those  obtained  from  Arkansas  No.  20,  Kan- 
sas No.  31,  and  Kentucky  or  Illinois  No. 
35.  They  were  0.18,  0.64  and  0.17  grams, 
respectively.  The  highest  losses  for  the 
negative-spot  materials  from  the  midcon- 
tinent petroleum  area  were  1.17  for  Ken- 
tucky or  Illinois  No.  28,  and  1.36  for  Kan- 
sas No.  32. 

Very  high  losses  were  obtained  on  the 
highly  cracked  midcontinent  materials  Nos. 
11  and  12  from  Kentucky,  and  No.  30  from 
Kansas.  The  loss  on  No.  11  after  8  hours 
of  weathering  was  at  the  rate  of  7.31  grams, 
on  No.  12,  8.19  grams,  and  on  No.  30,  8.01 


Table    5. — Weathering-strength    test    results    on    asphalt    cements 


Identification  and  source  of  asphalt 


Tests  on  original 
asphalt 


1.  California. 

2.  Do  .  .  . 

3.  Do... 

4.  Venezuela. 

5.  Do... 


6.  Do. 

7.  Kansas. 

8.  Do. 


9. 
10. 

11 
12 
13 
14. 
15, 


Do. 
Do. 


Kentucky . 

Do... 
Wyoming. 
Mexican. . 

Do... 


16.  Columbia. 

17.  Venezuela. 

18.  Do.. 

19.  Arkansas. 

20.  Do  .. 


21.  Kentucky  and  Illinois  '. 

22.  Trinidad  Lake 

23.  Bermudez  Lake 

24.  California 

25.  Field  sample,  Rhode  Island  . 


26.  Field  sample.  Virginia. 

27.  Venezuela 

28.  Kentucky  and  Illinois. 

29.  California 

30.  Kansas 


31.  Do 

32.  Do 

33.  Wyoming 

34.  Kansas 

35.  Kentucky  or  Illinois. 


36.  Field  sample,  Virginia 

'7    California 

39.  Field  sample,  Rhode  Island 

40.  Venezuela 


41.  Do 

42.  Kansas. 

43.  Do 

44.  Do. 

45.  Ohio  .  . . 


46.  Venezuela. 

47.  Kentucky. 


Oliensis 
spot  test 


Pene- 
tration 

at 
77°  F. 


Negative . 

..do 

do.... 
..do.... 
..do.... 


..do... 
..do.... 
..do.... 
..do.... 
Positive . 


..do 

..do 

..do 

Negative . 
Positive. 

Negative . 
Positive . 
Negative . 

..do 

..do 


.do. 


Negative 
..do.... 


. ..do  ... 
...do.... 
...do.... 
...do.... 

Positive 


Negative 
..do.... 
.do.. . . 
..do.... 
...do.... 


.do 
.do. 
.do. 
.do. 

.do. 
.do. 
.do. 
.do. 
.do. 

.do. 
do. 


54 

'Hi 
131 
51 


138 
61 
S3 

137 
92 

87 

102 
95 
106 
101 

110 
97 

105 
96 
98 

105 
100 
102 
89 

65 


64 
93 
102 
75 

7.". 
76 
85 

s7 


67 
100 
67 


67 
68 
90 
132 
94 

54 
89 


Compressive  strength  at  77°  F.  after  weathering  for- 


1  hour 


P.s.i. 
72 
N  41 
24 
63 
34 

21 
62 
40 

I', 
14 

115 
115 
33 
33 
31 

21 
49 

29 
18 
18 

14 
41 
47 
46 
32 

25 
60 
38 
31 
128 

43 
29 

27 
29 
26 

47 
20 
29 
36 

24 
39 
16 
15 
18 

44 
19 


2  hours 


P.S.J. 

136 
84 
53 

107 

54 

37 
88 
69 
37 
18 

111 
111 
63 
60 
64 

43 
73 
48 
33 
30 

25 
51 
65 
94 
59 

42 
86 
72 
100 
118 

74 
59 

48 
54 
44 


54 
63 
66 

36 
65 
23 
28 
36 

65 
32 


3  hours 


P.s.i. 


129 


58 
115 


110 
78 
50 
18 


X'.l 


169 

s7 


62 
118 


4  hours 


P.s.i. 
264 
208 
176 
169 
118 

89 

129 

103 

76 

21 

46 

45 

108 

120 

93 

105 

122 

98 

63 

55 

44 
132 
170 
241 
112 

90 
135 
115 
189 

92 

104 
116 
122 
95 
75 

169 
158 
152 

118 

74 
106 
55 
58 
68 

108 
58 


6  hours 


P.s.i. 
323 


222 


123 
142 


100 
22 


50 


151 
190 
290 
146 

132 
152 


8  hours 


P.s.i. 
351 
352 

257 
209 
191 

145 
144 
117 
111 
29 

47 
46 
116 
180 
131 

162 
146 
156 
119 
97 

62 
191 
210 
319 
191 

158 
174 
138 
342 
102 

132 
149 
144 
132 
123 

250 
284 
237 
169 

138 
154 
117 
100 
101 

177 
115 


i  Probably  blown. 
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HOURS    WEATHERED    IN    OVEN     AT    325°F. 
Figure  4. — Weathering-cotnpressive  strength  test  results,  asphalt  cements. 


SAMPLE 
NO. 

PEN 
AT77°F 

SOURCE 

1 

54 

CALIFORNIA 

2 

90 

DO 

3 

131 

DO 

4 

51 

VENEZUELA 

5 

88 

DO 

6 

138 

DO 

7 

61 

KANSAS 

8 

83 

DO 

9 

137 

DO 

\ 

/ENEZUEL/! 

KANSAS 


8 


'2345678  12345678  123456 

HOURS    WEATHERED  IN   OVEN    AT    32  5°  F. 
Figure    5. — Results   of   weathering-compressive   strength   test   showing    effect    of   source   of 
crude  and  the  penetration  of  the  original  asphalt. 


grams.  The  loss  on  the  highly  cracked  ma- 
terial, No.  30,  may  be  compared  with  the 
loss  of  only  0.64  grams  on  No.  31,  a  nega- 
tive-spot material  from  the  same  source. 
The  loss  on  Nos.  11  and  12  may  be  compared 
with  the  loss  of  only  0.17  on  No.  35,  and  a 
loss  of  0.62  on  No.  47,  negative-spot  ma- 
terials from  a  similar  crude. 

From    sources    other    than    midcontinent 
fields  the  results  are  not  so  consistent.  The 


Trinidad  and  Bermudez  asphalts  and  the 
negative-spot  California  asphalts  had  com- 
paratively high  abrasion  losses,  while  some 
of  the  other  negative-spot  foreign  and  do- 
mestic asphalts  had  relatively  low  losses. 
The  two  slightly  cracked  materials,  show- 
ing positive  spots — No.  15  from  Mexico  and 
No.  17  from  Venezuela — had  high  abrasion 
losses  as  compared  with  the  negative-spot 
materials  No.  14  and  No.  18  from  the  same 


respective  crude  oils.  Typical  differences 
between  negative-  and  positive-spot  mate- 
rials are  shown  in  figure  1. 

There  is  some  indication  that,  in  gen- 
eral, the  abrasion  losses  are  somewhat 
higher  for  the  more  viscous  grades  of  as- 
phalts from  a  given  crude  than  for  the 
softer  materials.  This  is  shown  by  the 
abrasion  losses  obtained  on  the  Venezuela 
materials  Nos.  4,  5,  and  6,  and  the  Kansas 
materials  Nos.  7,  8,  and  9.  In  the  Cali- 
fornia group,  materials  Nos.  1,  2,  and  3,  the 
No.  3  asphalt,  the  least  viscous  of  the  three, 
does  not  conform  to  this  general  relation 
as  the  abrasion  loss  for  this  material  is 
somewhat  higher  than  that  for  the  more 
viscous  materials,  Nos.  1  and  2,  from  the 
same  source. 

Abrasion  Test  on  Liquid  Asphaltic 
Materials 

The  results  of  abrasion  tests  on  a  limited 
number  of  liquid  asphaltic  materials  are 
given  in  table  3.  The  same  relation  between 
positive-  and  negative-spot  materials  with 
respect  to  abrasion  loss  was  obtained  with 
cutbacks  and  slow-curing  asphaltic  mate- 
rials as  was  found  in  the  results  of  tests  on 
the  paving  asphalts.  A  positive-spot  RC-4 
cutback  (No.  L-3)  made  from  a  Kansas 
crude  had  a  loss  of  6.26  grams  after  8  hours 
of  weathering  compared  with  losses  of  2.32 
and  1.96  grams  on  two  negative-spot  RC-4 
materials  (Nos.  L-l  and  L-2)  from  the 
same  source.  In  the  case  of  MC-4  mate- 
rials from  Kansas,  the  positive-spot  mate- 
rial No.  L-6  had  a  loss  of  6.12  grams  while 
the  negative-spot  materials,  Nos.  L-4  and 
L-5,  had  losses  of  only  1.02  and  0.36  grams, 
respectively.  No.  L-7,  a  negative-spot  SC-4 
material  from  Michigan,  had  a  loss  of  only 
0.68  grams  whereas  No.  L— 8,  a  positive-spot 
SC-4  material  from  the  same  source,  had 
a  loss  of  34.25  grams.  These  relations  are 
shown  graphically  in  figure  2. 

Losses  from  Slow  Weathering 

As  stated  before,  some  work  has  been  done 
to  correlate  the  abrasion  losses  from  mix- 
tures weathered  rapidly  at  325°F.,  with 
those  from  mixtures  weathered  slowly  at 
140°F.  Two  different  methods  were  used 
in  the  slow-weathering  study:  (1)  Conven- 
tional weatherometer  with  carbon-arc 
lamps,  a  rotating  shelf,  and  an  air-control 
system  to  maintain  the  interior  tempera- 
ture at  140°F.;  and  (2)  an  electric  oven 
with  mechanical  convection  and  temperature 
control. 

The  abrasion  losses  resulting  from  weath- 
ering in  the  oven  at  140°F.  and  those  re- 
sulting from  exposure  in  the  weatherometer 
are  given  in  table  4  and  plotted  in  figure  3. 
These  comparative  tests  were  made  on  11 
materials.  Weathering  periods  of  64,  192, 
and  400  hours  were  used. 

In  general,  higher  abrasion  losses  re- 
sulted from  weathering  in  the  weathero- 
meter than  from  weathering  in  the  oven 
at  140°F.  No.  11,  a  severely  cracked  ma- 
terial, was  an  exception  in  that  oven  weath- 
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ering  at  140°F.  caused  very  much  higher 
abrasion  loss  than  did  weathering  in  the 
weatherometer.  Also,  in  the  case  of  No. 
14,  a  negative-spot  material  from  Mexico, 
somewhat  higher  loss  occurred  in  the 
oven  than  in  the  weatherometer  after  192 
hours  of  exposure.  In  the  case  of  material 
No.  28,  oven  weathering  produced  a  higher 
loss  than  did  the  weatherometer  at  64  hours 
and  192  hours,  but  the  losses  by  the  two 
methods  of  weathering  were  the  same  at  400 
hours  of  weathering. 

Less  satisfactory  differentiation  between 
cracked  and  uncracked  materials  was  ob- 
tained by  weathering  at  140°F.  in  the 
weatherometer  than  by  weathering  in  the 
oven  at  325°F.  For  the  positive-spot  ma- 
terial No.  17  and  the  negative-spot  mate- 
rial No.  18,  both  from  the  same  source,  the 
losses  in  abrasion  for  oven  weathering  at 
325°F.  for  8  hours  were  1.47  and  0.23  grams, 
respectively  (see  table  2)  ;  while  for  weath- 
ering in  the  weatherometer  for  400  hours, 
the  losses  were  1.09  and  0.97  grams  (table 
4). 

Weathering  in  this  particular  type  of 
weatherometer  results  in  a  rapid  surface- 
hardening  effect  on  the  test  specimens  with 
very  slow  hardening  below  the  immediate 
surface.  The  rate  of  abrasion  loss  at  the 
immediate  surface  would  therefore  probably 
be  very  high,  while  the  rate  of  loss  from 
the  mixture  below  the  surface  would  be 
comparatively  low. 

Slow  weathering  in  the  oven  at  140°F., 
up  to  400  hours,  also  failed  to  differentiate 
satisfactorily  between  the  cracked  and  non- 
cracked  materials.  Only  in  the  case  of  No. 
11,  a  very  highly  cracked  material,  is  this 
property  of  the  material  definitely  shown. 
With  the  Venezuelan  asphalts,  the  positive- 
spot  material  No.  17  showed  a  lower  loss 
(0.25  grams)  after  400  hours  in  the  140°F. 
oven  than  did  the  negative-spot  material 
No.  18,  (0.34  grams)  after  the  same  ex- 
posure. Indications  are  that  weathering  in 
the  low  temperature  oven  is  not  severe 
enough  to  bring  out  differences  in  the  hard- 
ening properties  of  the  asphalts  within  a 
reasonable  period  of  weathering. 

The  following  is  a  summary  of  the  abra- 
sion test  results  as  discussed  above: 

1.  In  general,  comparatively  low  abrasion 
losses  were   obtained    on   the   negative-spot 


asphalts    prepared    from    the    midcontinent 
petroleums. 

2.  Of  the  negative-spot  domestic  asphalts 
included  in  this  investigation,  the  California 
materials  gave,  in  general,  the  higher  abra- 
sion losses. 

3.  The  positive-spot  asphalts  were  found 
to  have  high  abrasion  losses  compared  to 
the  non-cracked  materials  from  the  same 
source.  Generally,  the  amount  of  loss  varied 
directly  with  the  degree  of  cracking. 

4.  On  the  basis  of  results  of  the  abrasion 
test,  a  direct  comparison  of  materials  from 
different  sources  is  not  warranted,  as  the 
abrasion  loss  of  a  negative-spot  material 
from  one  source  may  be  higher  than  that 
of  a  positive-spot  material  from  a  different 
source.  On  the  other  hand,  the  abrasion 
test  appears  to  indicate  quite  accurately 
differences  in  quality  that  are  due  to  vari- 
ous manufacturing  procedures  where  com- 
parisons are  between  materials  from  the 
same  source. 

5.  The  results  of  the  abrasion  test  made 
with  specimens  weathered  in  an  oven  at 
325°F.  are  more  informative  than  when 
the  specimens  are  weathered  in  an  oven  or 
in  a  weatherometer  at  140°F. 

The  Weathering-Strength  Test 

Compressive  strengths  of  the  weathered 
specimens  are  given  in  table  5.  The  effect 
of  time  of  weathering  at  32,5°F.  on  the  com- 
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pressive  strength  of  the  molded  specimens 
is  shown  in  figures  4  and  5.  Table  6  and 
figure  6  give  similar  data  for  the  liquid  as- 
phaltic  materials  included  in  this  study. 

The  compressive  strength  of  the  test  spe- 
cimens, except  those  containing  highly 
cracked  asphalt,  increased  with  increased 
time  of  weathering  up  to  8  hours,  the 
longest  period  of  weathering  used.  The 
test  specimens  containing  the  highly  cracked 
asphalts,  Nos.  11,  12,  and  30,  decreased  in 
strength  after  the  first  hour  of  weathering 
until,  after  weathering  for  3  or  4  hours, 
they  reached  a  substantially  constant 
strength.  The  only  other  highly  cracked 
asphalt  cement  tested,  No.  10  from  Kansas, 
differed  from  these  in  that  it  gave  consider- 
ably lower  strength  results  and  showed  some 
slight  increase  in  strength  with  increased 
weathering.  Mixtures  containing  the  as- 
phalts that  showed  positive  spots  but  were 
only  slightly  cracked,  Nos.  13,  15,  and  17, 
showed  increase  in  strength  with  increased 
exposure.  No.  20,  an  uncracked  asphalt 
from  Arkansas,  showed  a  relatively  low  in- 
crease in  strength  with  weathering  as  did 
No.  21  from  Kentucky  and  Illinois,  a  mate- 
rial reported  as  probably  blown. 

For  the  uncracked  materials,  the  source 
of  the  crude  from  which  the  asphalt  was 
obtained  is  shown  to  have  a  major  effect 
on  the  rate  of  increase  in  strength  on 
weathering  of  the  mixture.     The  California 
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Figure  6. — Weathering-strength  test  results,  cutback  asphalts. 


Identification  and  source  of  asphultic 
material 


L-l.  Kansas,  RC-4. 

L-2.  Do 

L-3.  Do 

L-4.  Kansas.  MC-4. 

L-5.  Do 

I/-6.  Do 


Table   6. Results   of  weathering-strength  test  on   cutback  asphalts 


Tests  on  the  distillation  residue 


Oliensis  spot  test 


Negative . 
do. 


Positive  '. 
Negative. 

do... 

Positive  '. 


Highly  cracked. 
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Pene- 
tration 

at 
77°  F. 


78 
82 
95 
196 
246 
158 


Ductil- 
ity at 
77°  F. 


Cm. 

170 

130 

132 

90 

70 

80 


Soften- 
ing 
point 


F. 

123 

124 

114 

124 

126 

126 


Residue  from  thin-film 
( ven  test 


Pene- 
tration 

at 
77°  F. 


Ductil- 
ity at 
77°  F. 


Cm. 
90 
15 
42 
164 
81 
99 


Soften- 
ing 
point 


F. 

137 

144 

134 

124 

126 

126 


Compressive  strength  at  77°  F.  after  weathering  for— 


1  hour 


P.S.I. 

23 
26 
27 
3 
7 
10 


2  hours 


P.s.i. 
51 
51 
39 
13 
24 
15 


3  hours 


P.s.i. 
95 
75 
37 
36 
47 
20 


4  hours 


P  s.i. 
112 
89 
32 
55 
59 
22 


6  hours 


P.s.i. 

135 
102 
34 
86 
81 
24 


8  hours 


P.s.i. 
154 
111 
36 
109 
99 
22 
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Table  7.— Tests  on  asphalt  recovered  from  oven-weathered  cylinders,1  and  abrasion  and 
compressive-strength  tests  of  molded  specimens 


Identification  and  source  of  asphalt 
(and  original  penetration) 


2.  California  (90  pen  ) 


6.   \  enezuela  (88  pen.) . 


8.    Kansas  (83  pen.)  . 


14.   Mexican  (106  pen  ) . 


15.   Mexican  (101  pen.). 


21.  Kentucky  and  Illinois  (105  pen.). 


28.  Kentucky  or  Illinois  (93  pen.). 


29.  California  (102  pen.) . 


30.  Kansas  (75  pen.)  (highly  cracked) 


31.   Kansas  (75  pen.) . 


32.  Kansas  (76  pen.). 


33.  Wyoming  (85  pen.) . 


34.  Kansas  (87  pen.). 


Time  of 
weather- 
ing 


Hours 
1 
2 
4 
8 
1 
2 
4 
8 
1 
2 
4 
8 
1 
2 
4 


Tests  on  asphalt  recovered  from 
weathered  cylinders 


Penetra- 
tion at 
77°  F. 


40 
19 
10 

4 
39 
25 
17 
11 
36 
26 
20 
14 
39 
29 
20 
11 
34 
24 
16 

9 
70 
58 
40 
31 
39 
23 
17 


33 
17 

10 
12 
8 
4 
32 
23 
17 
43 
29 
21 
37 
27 
18 
40 
28 
21 


Ductility 
at  77°  F. 


Cm. 

250  + 

93 

5 

0 
37 

7 

3 

2 

7 

4 

3 

1 
23 

8 

4 

0 

5 

3 

2 

1 
37 
14 

5 

3 
48 


140 

17 
4 
5 
1 
0 
5 
3 
2 

18 
5 
3 

16 
6 
3 

10 
4 
3 


Softening 
point 


°F. 
138 
151 
184 
228 
141 
162 
192 
250 
152 
180 
212 
267 
148 
165 
187 
260 
160 
189 
249 
325 
132 
140 
160 
190 
139 
159 
179 


133 
151 

178 
160 
190 
251 
160 
186 
217 
140 
160 
185 
141 
155 
184 
146 
165 
191 


Tests  on  molded 
specimens  after  oven- 
weathering  at  325°  F. 


Abrasion 
loss 


Grams 
0.45 

67 

.87 

.93 

.07 
13 

.25 

.43 


.25 
.30 
.05 
.13 
.31 
.50 
.19 
.37 
.63 
1.06 
.01 
.02 
.01 
.03 
.26 
.42 
.74 
1.17 
.36 
.70 
.86 
2.38 
3  57 
4.92 
.13 
.30 
.48 
.49 
.67 
.97 
.49 
.62 
.77 
.10 
.31 
.33 


Compres- 
sive 
strength 
at77°F. 


Lbs./sq.  in 

41 

84 
208 
352 

34 

54 
118 
191 

40 

69 
103 
117 

33 

60 
120 
180 

31 

64 

93 
131 

14 

25 

44 

62 

38 

72 
115 
138 

31 
100 
189 
128 
118 

92 

43 

74 
104 

29 

59 
116 

27 

48 
122 

29 

54 

95 


1  2-  by  2-inch  molded  cylinders  oven-weathered  at  325°  F. 

asphalts,  Nos.  1,  2,  3,  24,  29,  and  37,  had 
the  highest  rate  of  increase  in  strength 
during  weathering  and  the  highest  strength 
after  8  hours  of  weathering.  The  asphalts 
from  some  of  the  midcontinent  fields  gave 
comparatively  low  strength  values  after  8 
hours,  while  the  foreign  materials  gave 
strength  values  between  those  of  the  mid- 
continent  and  California  asphalts. 

The  strength  curves  differ  with  differ- 
ences in  penetration  of  the  original  asphalt. 
In  general,  the  more  viscous  materials  from 
a  given  source  gave  somewhat  higher 
strengths  after  weathering  than  did  the 
less  viscous  ones.  This  is  illustrated  in 
figure  5  where  the  strength  of  the  groups 
of  California,  Venezuela,  and  Kansas  as- 
phalts each  show  increased  strength  with 
decreasing  penetration. 

In  table  6  and  figure  6  are  shown  the 
weathering-strength  test  results  on  mix- 
tures containing  cutback  asphalts  MC-4  and 
RC-A.  Very  low  weathering-strength  curves 
were  obtained  for  the  highly  cracked  ma- 
terials L-3  and  L-6  as  compared  to  the  un- 
cracked  materials. 

The  following  is  a  summary  of  the  weath- 
ering-strength test  results  as  discussed 
above : 

1.  Mixtures  containing  uncracked  as- 
phalts increased  in  strength  for  increasing 


periods  of  oven  weathering  up  to  8  hours, 
the  maximum  period  of  weathering  used  in 
this  investigation. 

2.    There   was   a   wide   difference    in   the 
rate    of    increase    of    strength    and    in    the 


strength  after  8  hours  of  oven  weathering 
for  asphalts  from  the  various  sources. 

3.  Three  mixtures  containing  cracked  as- 
phalts attained  relatively  high  strength  in 
the  early  weathering  periods  and  then  de- 
creased in  strength  as  the  weathering  period 
was  increased  to  3  or  4  hours.  A  fourth 
cracked  asphalt  with  a  somewhat  lower 
zylene  equivalent  (Kansas  No.  10)  had  a 
low  strength  after  1  hour  of  weathering 
and  thereafter  showed  only  slight  increase 
in  strength  for  longer  periods  of  weather- 
ing. 

It  has  been  shown  that  the  abrasion  loss 
and  the  strength  of  molded  Ottawa  sand 
and  asphalt  mixtures,  when  weathered  for 
various  periods  of  time,  differ  widely  de- 
pending on  the  source  of  the  asphalt  and 
the  method  used  in  its  manufacture.  In 
order  to  determine  if  this  difference  in 
abrasion  loss  and  strength  is  a  measure  of 
the  difference  in  hardness  of  the  contained 
asphalts,  the  following  study  was  made. 

Tests   on   Recovered   Asphalts 

In  order  to  determine  the  changes  in  the 
characteristics  of  the  asphalts  after  various 
periods  of  weathering,  a  number  of  the 
asphalts  included  in  this  study  were  ex- 
tracted ■  and  recovered  from  test  specimens 
weathered  by  the  same  method  used  in  the 
compressive-strength  test.  To  do  this,  a 
number  of  specimens  were  made  for  each 
weathering  period  to  allow  extraction  and 
recovery  of  a  sufficient  amount  of  the  as- 
phalt to  permit  determining  the  penetra- 
tion, ductility,  and  softening  point  of  the 
materials  at  the  various  weathering  periods. 
The  Abson  test  method  was  used  in  re- 
covering the  asphalt.  The  results  of  tests 
on  the  recovered  asphalts  are  given  in  table 
7,  together  with  the  results  of  the  abrasion 
and  compressive-strength  tests  for  the  same 
periods  of  weathering. 


10  20  30  40  50  60 

PENETRATION  OF  RECOVERED  ASPHALT   AFTER 
OVEN   WEATHERING  OF  THE  MIXTURES  AT  325°  F. 

Figure  7. — Relation  of  the  loss  in  the  abrasion  test  to  the  penetration  of 
the  asphalts  recovered  front  oven-weathered,  2  by  2-inch  cylin- 
drical specimens. 
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PENETRATION  OF  THE  RECOVERED  ASPHALT  AT  77°  F. 
Figure  8. — Weathering-compressive  strength  test  results.      Relation  between  compressive  strength  and  penetration  of  the  recovered 

asphalt. 
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Q     Q     0         5- HOUR   RESIDUE 


J-L-^.-Q       24-HOUR    RESIDUE 


AVERAGE     VALUE 


40  60  80  100  20  40  60  80  100 

REDUCTION  IN   PENETRATION   OF    THIN-FILM  RESIDUES,  PERCENT  OF  ORIGINAL 
Figure  9. — Comparison  of  the  reduction  in  penetration  of  thin-film  residues  with  the  reduc- 
tion in  penetration  of  asphalts  recovered  from  oven -weathered  mixtures. 


On  account  of  the  differences  in  dimen- 
sions of  the  specimens,  it  is  not  to  be  ex- 
pected that  the  amount  of  hardening  that 


will  occur  in  a  given  time  in  the  weather- 
ing-strength specimens  will  be  the  same  as 
that   which    occurs   in   the   abrasion    speci- 


mens. However,  it  is  reasonable  to  assume 
that  the  rate  of  hardening  will  follow  the 
same  general  trends  in  both  types  of  test. 

In  figure  7  is  shown,  for  typical  mate- 
rials, the  relation  between  abrasion  loss 
and  the  penetration  of  the  asphalt  recovered 
from  the  weathering-strength  specimens. 
Table  7  shows  that  the  hardness  of  the  re- 
covered asphalt — that  is,  the  reduction  in 
penetration  and  increase  in  softening  point, 
increases  with  length  of  weathering.  Both 
table  7  and  figure  7  show  that  the  abrasion 
loss  increases  as  the  penetration  of  the  re- 
covered asphalt  decreases.  The  Kentucky 
and  Illinois  asphalt,  No.  21,  which  had  the 
least  abrasion  loss  of  all  the  materials 
tested,  also  showed  the  least  hardening  as 
evidenced  by  the  penetration  and  softening 
point  of  the  recovered  asphalt.  Other  ma- 
terials, such  as  Kansas  No.  8,  Venezuelan 
No.  5,  and  Mexican  No.  14,  which  had  low 
abrasion  losses,  also  showed  low  rates  of 
hardening  up  to  8  hours  of  weathering.  In 
the  case  of  the  highly  cracked  asphalt  No. 
30,  the  asphalt  hardened  rapidly  and  had 
very  high  losses  in  the  abrasion  test. 

It  is  evident  that  the  abrasion  loss  is 
related  to  the  consistency  of  the  contained 
asphalt  and  that  either  may  be  used  to  de- 
termine the  relative  resistance  of  asphaltic 
materials  to  hardening. 

Effect  of  Consistency 

Figure  8  shows  the  compressive  strength 
of  the  weathered  specimens  plotted  against 
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Table  8.- 

—Results  of  thin-film  oven 

tests  on 

asphalt  cements 

Identification  and  source  of  asphalt 

Tests 

on  original  asphalt 

Testa  on 

residue  from  thin-film  test,  1-inch  film  exposed  at  325°  F. 

6-hour  test 

24-hour  test 

Penetra- 
tion at 

77°  F. 

Softening 
point 

Ductility 
at  77°  F. 

Penetra- 
tion at 

77°  F. 

Retained 
penetra- 
tion ' 

Softening 
point 

Ductility 
at  77°  F. 

Penetra- 
tion at 
77°  F. 

Retained 
penetra- 
tion ' 

Softening 
point 

Ductility 
at  77°  F. 

54 
90 
131 

51 

88 

138 
61 
83 

137 
92 

87 
102 

95 
106 
101 

110 
97 
105 

96 
98 

105 

100 
102 

89 
65 

89 
64 
93 
102 

75 

75 
76 
85 
87 
89 

67 
68 
90 
132 
94 

54 
89 

°  F. 
119 
112 
107 
130 
118 

110 
129 
121 
110 
115 

113 
111 
115 
117 
118 

112 
117 
114 
113 

121 

119 
112 
112 
111 

120 

114 
125 
116 
111 
115 

123 
122 
119 
119 
122 

118 
124 
117 
113 
120 

129 
118 

Cm. 
250  + 
200 
150 
230 
250  + 

152 
130 
200 
154 
115 

250  + 

170 

180 

199 

106 

151 
165 
140 
142 
170 

120 

247 
58 
150  + 
250  + 

214 
220 
154 
203 
158 

198 
142 
186 
170 
188 

235 
193 
183 
180 
195 

250  + 
187 

33 
51 
68 
33 
51 

74 
40 
50 
73 
60 

28 
28 
50 
54 
46 

66 
50 
62 
63 
61 

79 
47 
33 
47 
40 

60 
40 
60 
62 
22 

45 
52 
50 
52 
63 

54 
42 
55 
70 
56 

34 
54 

Percent 
61 
56 
52 
65 
58 

54 
65 
60 
53 
65 

28 
27 
52 
51 

45 

60 
51 
60 
65 
63 

75 

47 
27 
52 
61 

67 
62 
64 
61 
30 

60 
68 
59 
60 
71 

61 
62 
61 
63 
60 

63 
61 

°  F. 
128 
121 
118 
143 
132 

123 
146 
138 
127 
141 

139 
142 
135 
136 
143 

124 
140 
128 
126 
135 

127 
126 
126 
136 
134 

127 
141 
127 
119 
137 

141 
133 
132 
133 
132 

130 
143 
131 
127 

134 

137 
128 

Cm. 
250  + 
215 
200 
63 
242 

207 

12 

25 
105 

10 

24 
15 
76 
113 
12 

210 

28 
140 
234 

58 

67 

45 

28 
230 
250  + 

237  + 

90 
235 
250  + 

47 

18 
121 
170 
100 
127 

135 
21 
76 
74 
52 

112 
195 

Percent 

O    p 

Cm.. 

16 

17 

147 

134 

22 

25 

171 

5 

25 

30 

183 

3 

24 
18 

22 
17 

174 
219 

6 
3 

48 

46 

148 

10 

26.  Field  sample,  Virginia 

26 

18 

6 

23 
28 

24 
27 

28 

18 

8 

30 
37 
28 
31 

157 
149 
191 

187 
166 
165 
170 

8 

45 

0 

3 
5 
5 

4 

31.           Do      

32.           Do        

43            Do 

44.           Do 

45    Ohio 

•Percent  of  original  penetration. 


the  penetration  of  the  contained  asphalt 
after  various  periods  of  exposure.  It  is 
of  interest  to  note  that,  in  general,  the 
points  for  most  of  the  asphalts  are  close  to 
one  curve,  indicating  that  the  compressive 
strength  varies  inversely  as  the  penetration 
of  the  contained  asphalt.  An  exception  to 
this  is  the  highly  cracked  asphalt  No.  30. 
At  the  end  of  1  hour  of  weathering  the 
penetration  of  this  asphalt  had  been  reduced 
to  12  from  an  original  value  of  75  and  fur- 
ther weathering  reduced  both  the  penetra- 
tion and  strength.  The  highly  cracked  as- 
phalts, No.  11  and  No.  12,  were  not  re- 
covered from  the  weathered  mixtures  but 
it  is  probable  that  for  these  materials  the 
trend  of  the  relation  between  retained  pene- 
tration and  strength  would  be  similar  to 
that  for  asphalt  No.  30. 

The  slightly  cracked  asphalt,  No.  15,  gave 
increased  strength  as  the  penetration  de- 
creased, although  the  rate  of  increase  was 
slightly  lower  than  for  the  uncracked  mate- 
rials. Of  the  uncracked  materials,  Cali- 
fornia asphalt  No.  2  had  the  lowest  pene- 
tration and  the  highest  strength  after  8 
hours  exposure,  these  being  4  and  352,  re- 
spectively. Asphalt  No.  30,  a  highly  cracked 
asphalt,   had    a    penetration    of   4    after   4 


Table  9. — Comparison  of  the  penetrations  of  asphalts  after  the  thin-film  oven  test  with 
the  penetrations  of  the  same  asphalts  recovered  from  mixtures  after  weathering 


Identification  and  source  of  asphalt 

Oliensis  spot  test 

Penetration  at  77°  F. 

Original 

asphalt 

Residue 

from 
thin-film 
oven  test  • 

Recovered 
asphalt 
1-year 
outdoor 
weather- 
ing 

Recovered 
asphalt 
22-hours 
ultra- 
violet 
light  at 
180°  F. 

Negative 

87 
98 
86 
90 

85 

81 
90 
87 
86 
80 

95 
91 
87 
90 
91 

93 
83 
82 
92 
86 
86 

24 
8 
23 
30 
25 

15 
31 
19 
21 
23 

40 
28 
14 
17 
17 

12 
13 

5 
24 
14 

8 

31 
15 
29 
35 
33 

19 
36 
20 
23 

29 

51 
32 
20 
28 
30 

23 
21 
10 
28 
20 
16 

24 
11 
25 
32 
29 

22 
36 
21 
24 
24 

52 
35 
21 

28 
29 

16 
18 
8 
30 
19 
12 

C.    Mexican 

E.            Do 

do 

Slightly  positive 

F.    Arkansas 

G.           Do 

H.   Texas 

Slightly  positive 

J.             Do 

K.   Mexican 

do 

N.   Illinois 

do 

...do  . . 

P.    California 

do... 

.     do 

R.           Do 

Slightlv  positive 

8.    California 

T.    Wyoming 

do.. . 

U.            Do 

W.           Do 

X.  Kentucky .    

. ..do... 

1  S-inch  film  exposed  at  325"  F.  for  25  hours. 

hours  exposure  but  had  a  strength  of  only 
92  pounds  per  square  inch.  This  would  in- 
dicate that  the  highly  cracked  materials  be- 


come brittle  or  fragile  and  lose  their  co- 
hesive properties  to  a  greater  extent  than 
do  the  uncracked  materials. 
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Figure  10. — Comparison  of  softening  point  of  thin-film  residues  with  the  softening  point  of  asphalts  recovered  from  oven-weathered 

mixtures. 


There  is  a  wide  difference  in  the  amount 
and  rate  of  hardening  of  the  various  as- 
phalts included  in  this  study.  Some  of  the 
midcontinent  asphalts  had  higher  resistance 
to  hardening  than  did  some  of  the  asphalts 
from  the  higher  asphaltic-base  crudes.  The 
retained  percentages  of  original  penetra- 
tion after  1  and  8  hours  of  weathering  were 
44  and  4,  respectively,  for  California  No.  2, 


44  and  12  for  Venezuela  No.  5,  43  and  17 
for  Kansas  No.  8,  37  and  10  for  Mexican 
No.  14,  and  67  and  29  for  Kentucky  and 
Illinois  No.  21. 

After  weathering  1  and  4  hours,  the  per- 
centage of  original  penetration  retained  by 
some  of  the  other  asphalts  were  as  follows: 
For  Kansas  No.  30,  a  highly  cracked  mate- 
rial, 16  and  5,  respectively;  for  uncracked 


Kansas  material  No.  32,  57  and  28,  re- 
spectively; and  for  Mexican  No.  15,  slightly 
cracked,  34  and  16. 

The   results   of  a   previous   study  *   show 
that  the  physical  properties  of  a  given  mix- 


4  The  effect  of  characteristics  of  asphalts  on  physical 
properties  of  bituminous  mixtures,  by  R.  H.  Lewis 
and  J.   Y.   Welhorn.      Public   Roads,   vol.    25.   No.   5, 

Sept.    1948. 


160  200  240  0  2 
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Figure  11. Comparison  of  ductility  of  thin-film  residues  with  the  ductility  of  the  asphalts  recovered  from  oven-weathered 


mixtures. 
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ture  are  dependent  upon  the  consistency  of 
the  contained  asphalt  at  the  test  tempera- 
ture. The  results  of  the  present  work  sub- 
stantiates these  earlier  findings. 

The  results  of  the  tests  on  the  recovered 
asphalts  from  the  test  cylinders  after  weath- 
ering are  summarized  as  follows: 

1.  There  is  a  wide  difference  in  the  re- 
sistance of  asphalts  to  hardening  depending 
on  the  source  of  the  crude  petroleum  from 
which  the  asphalt  is  obtained  and  the 
method  of  refining. 

2.  In  general,  the  abrasion  loss  is  de- 
pendent upon  the  consistency  of  the  con- 
tained asphalt. 

3.  For  the  uncracked  asphalts  and  those 
only  slightly  cracked,  the  compressive 
strength  of  the  mixtures  varied  inversely 
as  the  penetration  of  the  contained  asphalt 
without  regard  to  the  source  of  the  asphalts. 

4.  For  the  highly  cracked  asphalts,  the 
relation  between  the  compressive  strength 
and  the  hardness  of  the  contained  asphalt 
is  different  than  for  the  uncracked  asphalts. 

Behavior  Dependent  on  Hardening 

The  foregoing  studies  of  the  abrasion  and 
weathering-strength  tests  clearly  show  that 
the  behavior  of  asphaltic  materials  in  these 
tests  is  dependent  largely  upon  the  rate 
and  amount  of  hardening  that  occurs  dur- 
ing the  exposure  of  Ottawa  sand  and  as- 
phalt mixtures  to  heat  and  air.  Since  both 
tests  are  time-consuming  and  require  the 
control  of  many  variables  involved  in  their 
test  procedures,  they  are  not  well  suited  for 
use  as  specification  tests.  Previous  studies 
of  the  hardening  properties  of  asphaltic 
materials  have  shown  that  the  thin-film  oven 
test  also  can  be  used  to  show  the  rate  of 
change  in  asphaltic  materials  when  sub- 
jected to  heat  and  air.  Therefore,  a  study 
has  been  made  to  determine  the  correlation 
that  may  exist  between  the  results  of  this 
test  and  the  results  of  the  abrasion  and 
weathering-strength  tests. 


Thin-Film  Oven  Tests 

Thin-film  oven  tests  were  made  on  most  of 
the  asphalts  used  in  this  study  in  order 
to  compare  the  characteristics  of  the  resi- 
dues obtained  by  this  method  of  direct  ex- 
posure of  the  asphalts  to  the  characteristics 
of  the  asphalts  after  exposure  in  mixtures. 
The  results  of  the  thin-film  oven  tests  are 
given  in  table  8,  together  with  the  test  re- 
sults on  the  original  asphalts.  In  most  of 
the  previous  work,  the  thin-film  oven  test 
has  been  made  on  a  50-milliliter  sample  of 
asphalt  in  an  aluminum  pan  5.5  inches  in 
diameter,  the  film  being  exposed  in  an  oven 
for  5  hours  at  325°F.  The  same  control 
is  used  as  for  the  standard  test  for  loss  on 
heating.  In  order  to  produce  greater  changes 
in  the  asphalts  by  the  thin-film  oven  test, 
which  would  be  more  comparable  to  the 
changes  occurring  during  weathering  of 
the  mixtures,  some  of  the  asphalts  used  in 
this  study  were  also  exposed  in  the  thin- 
film  oven  test  for  24  hours.  A  detailed  de- 
scription of  the  method  used  for  the  thin- 
film  oven  test  is  given  on  page  202. 

Comparisons  of  the  reduction  in  pene- 
tration of  the  5-hour  and  the  24-hour  thin- 
film  residues  with  the  reduction  in  pene- 
tration of  the  asphalts  recovered  from  the 
Ottawa  sand  and  asphalt  mixtures  weath- 
ered for  1,  2,  4,  and  8  hours  are  shown  in 
figure  9,  which  presents  the  reduction  in 
penetration  as  a  percentage  of  the  original 
penetration  by  the  two  methods  of  exposure. 
There  is  some  dispersion  of  the  points  from 
the  average  curves  for  the  5-hour  thin-film 
residues  which  may  be  accounted  for  by  the 
wide  difference  in  the  severity  of  the  two 
methods  of  weathering.  The  points  for  the 
1-hour  weathering  period  fall  fairly  close 
to  the  straight  line,  indicating  that  the 
amount  of  hardening  produced  by  the  two 
methods  of  exposure  are  in  the  same  order. 
The  comparision  for  the  24-hour  thin-film 
residues  in  general  is  better  than  for  the 
5-hour  thin-film  test.     It  is  of  interest  to 
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Figure  12. — Comparison  of  penetration  of 
asphalt  recovered  from  mixtures  exposed 
to  ultraviolet  light  and  outdoors  with  the 
penetration    of   the   thin-film    oven    test. 

note  that  the  percentage  reduction  in  the 
penetration  of  the  asphalt  from  the  24- 
hour  thin-film  oven  test  is  almost  identical 
with  the  percentage  reduction  in  penetra- 
tion of  the  asphalt  recovered  from  the  mix- 
ture after  weathering  for  2  hours.  It  is 
apparent  from  the  above  comparisons  that 
both  methods  of  exposure  give  comparable 
l-esults  as  to  the  hardening  properties  of 
asphalts. 

Comparisons  of  the  softening  points  of 
the  residues  after  the  5-hour  and  the  24- 
hour  thin-film  oven  tests  with  those  of  the 
asphalts  recovered  from  the  weathered  mix- 
tures are  shown  in  figure  10.  As  for  the 
penetration  data,  this  figure  shows  that 
changes  in  the  asphalts  as  measured  by  the 
softening  point,  in  general,  are  in  the  same 
order  for  the  two  methods  of  exposure. 
Here  also  the  softening  points  of  the  resi- 
dues from  the  24-hour  thin-film  oven  test 
are  approximately  the  same  as  for  the  same 


Table    10. — Comparison   of   the   residues   from   the   thin-film   oven  test  with  the  recovered  asphalts  from  the  Shattuck  mixing  test 


Identification  and  source  of  asphalt 

Penetration 
of  original 
asphalt  at 
at  77°  F. 

Residue  from  thin-film  oven  test l 

Recovered  asphalt  from  Shattuck  mixing  test 

Penetration 
at  77°  F. 

Retained 
penetration  J 

Softening 
point 

Ductility 
at  77°  F. 

Penetration 
at  77°  F. 

Retained 
penetration > 

Softening          Ductility 
point             at  77°  F. 

Results  of  First  Series3 

54 
52 
56 
54 
51 
58 
51 
51 

34 
37 
35 
35 
33 
33 
36 
34 

percent 

63 
71 
63 
65 
65 
57 
71 
67 

°  P. 

129 
138 
141 
141 
154 
146 
150 
128 

Cm. 
250  + 

77 
105 
145 

15 

62 

10 
250  + 

25 
36 
30 
27 
34 
22 
34 
29 

percent 

46 
71 
54 
50 
67 
38 
67 
57 

o   p 

135 
138 
145 
150 
151 
158 
153 
130 

Cm. 

250  + 

66 

21 

20 

17 

7 

7 

222 

6.     Columbia 

6A.  Venezuela 

8.     East  Texas 

10A.  Venezuela 

12.     Unknown ...... 

I2B.          Do 

Results  of  Second  Series 

55 
50 
53 
91 
90 
55 
84 
57 
90 

43 
38 
37 
67 
62 
37 
53 
37 
54 

78 
76 
70 
74 
69 
67 
59 
65 
60 

135 

137 
133 
122 
124 
133 
129 
125 
120 

158 
121 
244 
170 
250  + 
218 
168 
250  + 
250  + 

40 
34 
38 
69 
63 
35 
44 
37 
47 

73 
68 
72 
76 
70 
64 
49 
65 
52 

135 
140 
134 
120 
123 
138 
135 
126 
122 

60 

44 
148 
181 
185 
204 
102 
250  + 
250  + 

2.  Unknown 

3.           Do 

5.          Do    . 

6.   \  enezuela 

7.           Do 

8.  California  .  . 

!).            Do 

1  }-inch  film  exposed  at  325°  F.  for  5  hours. 


*  Percent  of  original  penetration. 


•  Reported  in  PUBLIC  ROADS,  vol.  22,  No.  2.  April  1941. 
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Figure  13.  —  Comparison  of  the 
penetration  retained  after  the 
thin-film  oven  test  and  the  Shot- 
tuck   mixing  test. 


asphalts  recovered  from  the  mixtures 
weathered  for  2  hours. 

Figure  11  compares  the  ductility  of  the 
5-hour  and  24-hour  thin-film  residues  with 
the  ductility  of  the  asphalts  recovered  from 
the  weathered  mixtures.  Because  of  the 
inherent  high  ductility  of  the  California  as- 
phalts, Nos.  2  and  29,  and  their  abnormally 
large  change  in  ductility  with  a  small  change 
in  penetration,  their  values  were  omitted. 
With  the  exception  of  those  asphalts,  figure 
11  shows  a  similarity  in  changes  in  ductility 
resulting  from  the  two  methods  of  exposure. 

The    above    comparisons    of    penetration, 


softening  point,  and  ductility  of  the  as- 
phalts recovered  from  the  oven-weathered 
mixtures  and  those  obtained  from  the  thin- 
film  oven  test,  show  that  the  heating  of 
asphalts  in  relatively  thin  film,  as  in  the 
thin-film  oven  test,  produces  changes  in 
their  characteristics  similar  to  those  pro- 
duced by  exposing  asphaltic  mixtures  to 
the  same  temperature. 

Comparison  with  Other  Tests 

Lang  and  Thomas 5  studied  the  harden- 
ing properties  of  asphalt  cements  of  the 
85-100  penetration  grade  by  exposing  mix- 
tures of  Ottawa  sand  and  these  asphalts  to 
the  action  of  ultraviolet  light  and  heat  and 
to  natural  outdoor  weathering. 

In  the  exposure  to  ultraviolet  light,  the 
procedure  was  as  follows:  3,000  grams  of 
prepared  Ottawa  sand  and  asphalt  mixture 
were  placed  in  a  twin  pug-mill  mixer  which 
rotated  at  a  speed  of  160  r.p.m.  for  22  hours. 
During  this  time  the  mixture  was  exposed 
to  ultraviolet  light  from  a  mercury  arc  in 
quartz.  The  temperature  of  the  mixture 
was  maintained  at  180°F.  during  the  ex- 
posure period. 

For  the  outdoor  weathering,  similar  mix- 
tures were  exposed  for  a  period  of  1  year. 
At  the  completion  of  the  exposure  periods 
the  asphalts  were  extracted  and  recovered 
from  the  weathered  mixtures  by  the  Abson 
method. 

Lang  and  Thomas  reported  the  results  of 
thin-film  oven  tests  made  by  the  method 
which  has  just  been  described  with  a  time 
of  exposure  of  25  hours.  The  results  of 
the  tests  on  the  asphalts  recovered  from  the 
mixtures  exposed  to  ultraviolet  light  and 
outdoors  and  the  results  of  the  25-hour 
thin-film  oven  test  are  given  in  table  9. 

Comparison  between  the  penetration  of 
the  thin-film  residues  and  the  penetration 
of   the   asphalts    recovered   from    mixtures 


after  exposure  to  ultraviolet  light  and  after 
weathering  outdoors  is  shown  in  figure  12. 

The  thin-film  test  for  25  hours  exposure  is 
shown,  in  general,  to  be  somewhat  more 
severe  than  either  of  the  two  methods  of 
weathering  used  on  the  mixtures.  All  three 
test  procedures  show  similar  differences  in 
the  hardening  properties  of  asphalts  as  in- 
fluenced by  the  source  of  the  material  and 
whether  or  not,  or  to  what  degree,  they 
have  been  cracked  in  the  refining  processes. 
The  authors  concluded  from  these  studies 
that  the  hardening  produced  by  natural 
weathering  is  very  similar  to  that  produced 
by  artificial  heat,  air,  and  ultraviolet  light 
exposure. 

•  Another  type  of  test  for  determining 
the  relative  resistance  of  asphalts  to  hard- 
ening is  the  Shattuck  mixing  test."  In  this 
test,  1,880  grams  of  heated  Ottawa  sand 
are  mixed  with  120  grams  of  the  asphalt 
to  be  tested  for  1  minute  in  a  laboratory 
pug-mill  mixer  under  standard  conditions 
of  temperature.  After  mixing,  the  mixture 
is  spread  evenly  in  a  shallow  pan  which  is 
then  placed  in  an  oven  at  350°F.  for  30 
minutes.  The  mixture  is  then  removed  and 
allowed  to  cool  to  room  temperature.  After 
cooling,  the  asphalt  is  extracted  (using 
benzol)  and  recovered  by  the  Abson  method. 
The  recovered  asphalt  is  then  tested  for 
penetration,  ductility,  and  softening  point. 

In  a  previous  investigation ''  a  study  was 
made  of  the  Shattuck  test  and  it  was  found 
that  the  alterations  in  the  asphalt  which 
take  place  in  this  test  are  very  similar  to 
those  that  take  place  in  the  5-hour,  thin- 
film  oven  test.  The  results  of  a  more  recent 
study  are  shown  in  table  10,  in  which  results 
obtained  with  the  Shattuck  mixing  test  and 
the  5-hour,  thin-film  oven  test  are  compared. 
It  may  be  noted  in  figure  13  that  the  two 
methods  of  test  gave  similar  results. 


6  Laboratory  studies  of  asphalt  cements,  by  Fred  C. 
Lang  and  T.  W.  Thomas.  University  of  Minnesota 
Engineering  Experiment  Station  Bulletin  No.  15,  Nov. 
1939. 


6  Measurement  of  the  resistance  of  oil  asphalts 
(50-60  pen.)  to  changes  in  penetration  and  ductility 
at  plant  mixing  temperatures,  by  C.  L.  Shattuck. 
Proceedings  of  The  Association  of  Asphalt  Paving 
Technologists,   Vol.    11,   1940. 

7  First  reference,  footnote  1,  p.  188. 


ABRASION    TEST    PROCEDURE 


Preparing  the  mixture 

Standard  Ottawa  sand  (No.  20-No.  30), 
as  specified  in  standard  method  of  test  for 
tensile  strength  of  hydraulic-cement  mor- 
tars, A.S.T.M.  Designation  C  190,  is  used. 
In  testing  penetration  grade  asphalts,  the 
sand  is  heated  to  325 °F.  in  an  oven  before 
mixing,  while  for  tests  on  liquid  asphaltic 
materials  the  sand  is  dried  but  not  heated. 
Sufficient  asphaltic  material  for  each  batch 
is  heated  to  the  application  temperature 
while  being  stirred  to  prevent  local  over- 
heating. The  asphaltic  material  and  Ot- 
tawa sand  are  combined  in  the  proportion 
of  2  parts  of  asphaltic  material  to  100  parts 
by  weight  of  sand. 


Application  temperatures  used  for  the 
various  asphaltic  materials  are: 

Penetration   grades        325°F. 

Rapid-curing  (RC),  medium 
curing  (MC),  and  slow- 
curing  (SC)  liquid  as- 
phaltic  materials   200°F. 

Emulsion    125°F. 

Each  test  mixture  is  prepared  in  a  batch 
of  sufficient  size  to  produce  15  test  speci- 
mens. In  testing  asphalt  cement  the  batch, 
after  mixing,  is  spread  out  in  shallow  pans 
to  a  depth  of  about  one-half  inch  and  al- 
lowed to  cool  to  air  temperature.  The  mixer 
and  the  cooling  pans  are  shown  in  figure 
14.    After  cooling,  30  grams  of  the  mixture 


is  placed  in  each  of  fifteen  2% -inch  oint- 
ment tins,  each  of  which  is  numbered 
serially.  These  tins  are  then  placed  in  an 
oven  at  325°F.  to  warm  the  mix  for  mold- 
ing. 

The  tins,  each  with  its  30  grams  of  mix- 
ture, are  placed  in  the  oven  one  at  a  time 
at  3-minute  intervals.  Molding  is  started 
after  9  minutes  and  continued  at  the  rate  of 
one  specimen  each  3  minutes  so  that  the 
pre-heating  time  for  each  30-gram  lot  is 
uniformly  9  minutes. 

In  testing  liquid  asphaltic  materials,  the 
procedure  is  modified  by  a  preliminary  cur- 
ing of  the  loose  mixture  in  the  large  shallow 
pans  in  an  oven  at  140°F.  for  18  hours.  The 
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Figure    14. — Mixer   and  cooling   pans. 


subsequent  cooling  to  air  temperature,  and 
the  operations  of  weighing,  heating,  and 
molding  are  then  carried  out  as  described 
for  the  asphalt  cements. 

Molding  and  weathering 

The  test  specimens  are  formed  and  tested 
in  steel  specimen  cups  having  an  inside  di- 
ameter of  2  inches  and  a  depth  of  %  inch. 
A  steel  guide  sleeve  is  provided  to  fit  over 
the  specimen  cup  during  molding  to  retain 
the  loose  mixture  and  to  center  the  com- 
pression plunger.  Both  the  cup  and  the 
guide  sleeve  are  warmed  for  3  minutes  in 
the  325°F.  oven  prior  to  being  used  in  mold- 
ing each  test  specimen. 

The  batch  of  exactly  30  grams  of  mixture, 
preheated  for  9  minutes  at  325°F.,  is  quickly 
placed  into  the  warm  mold  and  compressed 
under  a  bad  of  1,000  pounds  per  square 
inch  maintained  for  1  minute.  The  actual 
molding  temperature  of  the  mixture  will  be 
approximately  300T.  if  this  procedure  is 
followed  carefully.  After  molding,  the 
specimens  contained  in  their  steel  cups  are 
permitted  to  cool  to  approximately  77°F. 
prior  to  being  weathered  in  the  oven. 
Figure  15  shows  the  special  equipment  for 
molding. 

Weathering  periods  of  U,  1,  2,  4,  and  8 


hours  are  used.  Three  molded  specimens 
are  tested  for  each  weathering  period.  Thus, 
15  specimens  are  required  for  the  full  test. 
These  are  placed  in  an  18-inch  square  oven 
pan  3  inches  in  depth,  covered  with  a  1/16- 
inch  mesh  screen,  and  exposed  in  an  oven 
at  325°F.     The   pan   and   screen   eliminate 


variable  air  draft  and  thus  provide  more 
uniform  curing  conditions  for  the  speci- 
mens. After  oven  curing  or  weathering  for 
the  desired  period  at  325°F.,  and  cooling 
to  room  temperature,  the  specimens  to- 
gether with  the  supporting  cups  are  weighed 
and  the  weight  is  recorded.  The  specimens 
are  then  placed  in  the  77  °F.  air  bath  pre- 
paratory to  being  tested  for  resistance  to 
abrasion. 

Abrasion   machine 

Four  thousand  grams  of  lead  shot,  pass- 
ing the  No.  10  and  retained  on  the  No.  14 
sieve,  are  used  for  each  test  unless  a  smaller 
amount  causes  sufficient  erosion  of  the  test 
specimen  to  expose  the  bottom  of  the  re- 
taining cup. 

Figure  16  is  a  schematic  drawing  of  the 
abrasion  machine  used  in  this  study.  It 
conforms  essentially  to  the  California  de- 
sign. The  critical  dimensions  are  shown  on 
the  drawing.  The  rate  of  rotation  of  the 
test  specimen  is  approximately  340  r.p.m. 
The  lead  shot  is  dropped  at  a  rate  of  ap- 
proximately 2,000  grams  per  minute.  The 
temperature  of  the  test  is  controlled  by 
placing  the  machine  in  an  air  bath  in  which 
the  temperature  is  maintained  at  77°F. 
Accurate  temperature  control  is  very  im- 
portant. The  shot  is  stored  in  the  air  bath 
between  tests. 


Expressing   abrasion   loss 

The  abrasion  loss  is  normally  reported 
on  the  basis  of  loss  per  1,000  grams  of  shot 
after  a  total  of  4,000  grams  of  shot  have 
been  dropped.  However,  the  test  should  be 
stopped  short  of  4,000  grams  of  shot  in  the 
event  that  the  abrasion  has  progressed 
through  the  specimen  to  expose  the  bottom 
of  the  cup.  In  such  cases,  the  loss  per  1,000 
grams  is  computed  on  the  basis  of  the 
amount  of  shot  dropped.  The  loss  is  de- 
termined to  hundredths  of  a  gram.  Figure 
15  shows  specimens  at  various  stages  of 
abrasion. 


Figure  15. — In  the  background,  special  molding  equipment.  In  the  foreground,  empty  cup, 
freshly  molded  specimen,  slightly  abraded  specimen,  and  highly  abraded  specimen. 
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WEATHERING-STRENGTH    TEST   PROCEDURE 


Preparing  the  mixture 

Two  thousand  grams  of  standard  Ottawa 
sand  (No.  20-No.  30)  is  required  for  each 
batch.  Two  batches  are  required  for  each 
set  of  18  specimens.  For  asphalt-cement 
mixtures,  the  sand  is  heated  to  325CF.;  and 
for  liquid  asphaltic  mixtures,  the  sand  is 
at  room  temperature.  Sufficient  asphaltic 
material  for  each  batch,  while  being  heated 
to  the  mixing  temperature,  is  stirred  to 
prevent  local  overheating. 

For  mixing,  the  asphaltic   materials  are 
brought  to  the  following  temperatures: 
Penetration  grades   (asphalt 

cement)     _.  325°F. 

RC  or  MC  cutbacks  ._  200°F. 

Two  thousand  grams  of  sand  and  80 
grams,  or  4  percent,  of  asphalt  material 
are  combined  by  mixing  for  about  2  minutes. 
The  second  batch  to  complete  the  full  set 
of  specimens  is  prepared  in  the  same  man- 
ner. 

Curing  the  mixture 

The  prepared  mixture,  immediately  after 
mixing,  is  spread  to  a  uniform  depth  in 
pans  5.5  inches  in  diameter  and  %  inch  in 
depth,  200  grams  of  mix  to  each  pan,  and 
the  pans  set  aside  to  cool  to  room  tempera- 
ture. 

For  the  asphalt-cement  mixtures,  the  pans 
containing  the  loose  mix  are  then  placed  in 
the  325°F.  oven  for  one-half  hour.  This 
is  done  at  intervals  of  one  every  5  minutes 
to  allow  time  for  molding.  For  the  liquid 
asphaltic  mixtures,  a  preliminary  curing 
period  of  18  hours  in  a  140°F.  oven  is  used 
prior  to  the  half-hour  curing  described 
above. 

Molding  test   specimens 

Molding  follows  immediately  after  the 
half-hour  curing  in  the  325°F.  oven.  Mold- 


ing is  done  by  the  double-plunger  method 
with  the  molds  preheated  in  a  water  bath 
to  approximately  180°F.  Enough  of  the 
200  grams  of  mix  (about  180  grams)  from 
each  pan  is  used  to  produce  a  cylinder  2 
inches  in  diameter  and  2  inches  in  height. 
It  is  important  that  the  pans  be  removed 
from  the  oven  in  the  same  order  in  which 
they  were  put  into  the  oven. 


A  molding  pressure  of  2,000  pounds  per 
square  inch  is  used  and  is  held  for  2  min- 
utes. The  temperature  of  the  mix  will  be 
approximately  260°F.  at  the  time  of  apply- 
ing the  molding  load  if  the  procedure  is 
carefully  followed. 

After  molding,  the  bottom  plunger  is  re- 
moved, a  base  plate  is  inserted  and  the 
specimen  pressed  to  the  bottom  of  the  mold 


Figure    16. — Schematic    drawing    of    abrasion    machine. 


^cstsrmm 
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Figure  17.— Base  plunger,  base  plate,  centering  and  retaining  sleeve,  molded  specimen    assembled  mold,  specimen  supported  by  sand,  end 

pan  with  screen  cover  used  in  oven  weathering. 
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against  the  top  of  the  plate.  The  molding 
cylinders  containing  the  molded  specimens 
are  then  placed  in  a  77 °F.  air  bath  for 
about  1G  hours.  After  cooling,  the  speci- 
mens, with  the  base  plates  adhering,  are 
pressed  out  of  the  mold  and  placed  in  spe- 
cially prepared  G-ounce  cans  to  undergo 
oven  weathering. 

The  G-ounce  cans  are  perforated  with 
sixty-four  1/16-inch  holes  on  the  side.  As 
the  specimens  are  placed  in  the  perforated 
cans,  Ottawa  sand  is  filled  in  around  the 
specimens  in  order  to  prevent  their  deform- 
ing during  the  period  of  heat  treatment  in 
the  oven. 


Oven   exposure 

The  cans  containing  the  specimens  and 
reinforced  with  No.  20-No.  30  Ottawa  sand, 
as  described  above,  are  then  placed  in  an 
oven  pan  about  18  inches  square  and  3 
inches  in  depth,  covered  with  a  1/16-inch 
mesh  screen,  and  exposed  in  an  oven  at 
325°F.  The  pan  and  screen  eliminate  vari- 
able air  drafts  and  thus  provide  more  uni- 
form curing  conditions  for  the  specimens. 

Three  specimens  are  required  for  each 
oven-weathering  period.  Weathering  periods 
of  1,  2,  3,  4,  6,  and  8  hours  have  been  used. 
Each  set  of  three  containers  with  their  re- 


spective specimens  are  removed  at  the  end 
of  each  oven-exposure  period  and  placed  in 
the  77°F.  air  bath  prior  to  being  tested  in 
compression.  Figure  17  shows  the  appar- 
atus used  in  this  test  procedure. 

Compressive    strength 

After  cooling  to  77°F.,  the  specimens  are 
removed  from  the  cans,  the  base  plates  re- 
moved, and  adhering  Ottawa  sand  and  par- 
ticles brushed  off.  They  are  then  tested  in 
compression  at  a  unit  deformation  rate  of 
0.1  inch  per  minute.  The  compressive 
strength  and  the  deformation  at  the  point  of 
maximum  strength  are  recorded. 


Scope 

The  thin-film  oven  test  is  intended  for 
the  determination  of  the  effect  of  heat  and 
air  on  asphaltic  materials  when  heated  in 
thin  films  as  hereinafter  prescribed.  The 
loss  in  weight,  and  a  comparison  of-  the 
penetration,  softening  point,  and  ductility 
before  and  after  heating  are  used  as  a 
measure  of  the  effect  of  this  test  on  as- 
phaltic materials.  For  additional  informa- 
tion of  the  changes  that  occur  in  the  as- 
phaltic materials,  solubility  and  Oliensis 
tests  also  may  be  used. 

While  this  test  is  prescribed  primarily 
for  asphalt  cements,  it  may  also  be  useful 
for  cutback  asphalts.  For  the  latter  ma- 
terial, the  test  should  be  made  on  the  residue 
from  distillation  obtained  by  the  standard 
method  of  test  for  cutback  asphaltic  prod- 
ucts, A.S.T.M.  Designation  D  402. 

Preparing  the   mixture 

Samples  of  the  bituminous  material,  50.0 
±  0.5    milliliters    in    volume,    are    weighed 


THIN-FILM  OVEN  TEST  PROCEDURE 

(weight  calculated  from  specific  gravity) 
into  a  tarred  aluminum  pan  5.5  inches  in 
diameter  and  %-inch  deep,  with  a  flat  bot- 
tom. A  50-milliliter  sample  in  this  size 
container  gives  a  film  thickness  of  approxi- 
mately one-eighth  inch.  Semisolid  mate- 
rials should  be  heated  to  a  fluid  condition 
previously.  If  the  material  has  been  heated 
to  facilitate  transfer,  the  container  and 
sample  should  be  cooled  to  room  tempera- 
ture. The  weight  should  be  determined  to 
the  nearest  hundredth  of  a  gram. 


Oven   exposure 

An  oven  conforming  to  the  oven  specified 
in  the  tentative  method  of  test  for  loss  on 
heating  of  oil  and  asphaltic  compounds, 
A.S.T.M.  Designation  D  6,  is  used,  except 
that  the  circular  shelf  is  constructed  so 
that  it  will  support  one  or  more  of  the 
sample  containers  in  a  horizontal  position. 

With  the  oven  at  325°F.,  the  sample  in 
its  container  is  placed  on  the  circular  shelf 


in  the  oven  and  the  shelf  is  rotated  at  a 
rate  of  5  to  6  r.p.m.,  for  5  hours.  At  the 
conclusion  of  the  heating  period,  the  sample 
is  removed  from  the  oven,  cooled  to  room 
temperature,  and  weighed  to  the  nearest 
hundredth  of  a  gram.  The  loss  due  to  heat- 
ing is  then  calculated. 

Tests  of  residue 

The  residue  from  the  thin-film  oven  test 
is  melted  at  the  lowest  possible  temperature, 
mixed  thoroughly,  and  transferred  to  a  3- 
or  6-ounce  container  as  used  for  the 
A.S.T.M.  penetration  test.  In  order  to  pro- 
vide sufficient  material  for  tests  on  the 
residue,  it  is  often  necessary  to  make  the 
thin-film-  oven  test  in  duplicate,  in  which 
case  the  residues  are  combined  for  testing. 
The  thoroughly  mixed  residue  is  tested  ac- 
cording to  A.S.T.M.  standard  methods  of 
test  for  penetration  (Designation  D  5), 
softening  point  (Designation  D  36),  and 
ductility   (Designation  D  113). 
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Tests  of  Structural  Damping 


Reported    by    LESLIE    W.    TELLER 
Chief,   Structural    Research    Section, 
and    ERNEST   G.   WILES 
Highway    Physical    Research    Engineer 


BY  THE  PHYSICAL  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


In  connection  with  a  program  of  research 
sponsored  by  the  Advisory  Board  on  the 
Investigation  of  Suspension  Bridges,  infor- 
mation regarding  the  self-damping  charac- 
teristics of  steel  structural  members  was 
needed.  The  literature  contained  little  or 
no  data  on  the  subject.  At  the  request  of 
the  Advisory  Board,  the  Bureau  of  Public 
Roads  conducted  a  series  of  tests  which  de- 
veloped a  considerable  amount  of  useful 
data  on  the  self-damping  characteristics  of 
both  solid  and  trussed  structural  members 
together  with  data  which  show  the  possibili- 
ties of  dry  or  Coulomb  friction  as  a  means 
for  energy  absorption  within  a  framed 
structure.  The  details  of  the  entire  study 
are  described  in  this  report. 


FOLLOWING  the  catastrophic  failure 
of  the  suspension  bridge  across  the 
Tacoma  Narrows  in  the  State  of  Washing- 
ton, shortly  after  it  was  opened  in  1940, 
there  was  organized,  under  the  sponsorship 
of  the  Bureau  of  Public  Roads,  a  technical 
body  of  broad  representation  known  as  the 
Advisory  Board  on  the  Investigation  of  Sus- 
pension Bridges.  The  objectives,  organiza- 
tion, and  membership  of  this  body  are  well 
known  and  need  not  be  repeated  here. 

At  the  request  of  the  Advisory  Board,  as 
a  part  of  its  extensive  investigational  pro- 


gram, the  studies  of  structural  damping 
described  in  this  report  were  made  in  the 
research  laboratories  of  the  Bureau  of  Pub- 
lic Roads.  A  condensed  account  of  these 
studies  has  been  published  previously.1  The 
present  report  is  intended  to  describe  the 
experimental  work  more  fully  than  was  pos- 
sible in  the  A.S.C.E.  paper  and,  further,  to 
present  certain  additional  data  obtained  as 
the  program  was  concluded. 

Since  the  failure  of  the  Tacoma  Narrows 
Bridge  was  caused  by  vibrations  set  up  by 
wind  action,  the  investigational  work  of  the 
Advisory  Board  has  included  extensive  tests 
of  both  full  models  and  sectional  models 
under  the  controlled  conditions  of  a  wind 
tunnel.  Necessarily  these  models  are  dimen- 
sioned to  a  greatly  reduced  scale  and  it  is 
not  possible,  as  a  practical  matter,  to  re- 
produce in  the  model  all  of  the  structural 
details  of  the  prototype.  For  this  reason, 
in  the  fabrication  of  full  models — that  is, 
models  of  entire  structures — it  has  been  the 
practice  to  simulate  the  stiffness  of  the 
stiffening  girders  or  stiffening  trusses  of 
the  prototype  by  means  of  solid  steel  mem- 
bers and  to  simulate  their  shapes  by  other 
means  in  order  that  the  aerodynamic  action 
of  the  model  would  be  similar  to  that  of  the 
prototype. 


1  Structural  damping  in  suspension  bridges,  by 
Friedrich  Bleich  and  L.  W.  Teller.  Transactions, 
American  Society  of  Civil  Engineers,  vol.  117  (1962), 
p.  1G5  (also  printed  as  a  separate.  Paper  No.  2486). 


It  is  desirable  that  the  energy  which  a 
suspension  bridge  receives  from  the  wind  be 
dissipated  to  the  maximum  extent  possible 
by  friction  and  by  other  means  so  that 
the  energy  remaining  will  not  be  able  to 
cause  excessive  vibrations  in  the  bridge. 
Frict'on  within  the  structure  offers  one  im- 
portant means  for  absorbing  energy  re- 
ceived from  without. 

The  Basic  Question 

Since  movement  at  the  joints  of  stiffening 
trusses  may  be  an  important  source  of  fric- 
tion, a  question  naturally  arose  as  to 
whether  or  not,  in  the  case  of  a  full  model, 
the  substitution  of  a  solid  member  for  a 
trussed  member  might  lead  to  significant 
differences  in  energy  absorption  and  thus 
affect  the  validity  of  certain  data  obtained 
in  the  wind  tunnel  tests.  The  investiga- 
tional work  described  in  this  report  was 
undertaken  initially  to  find  an  answer  to 
this  question.  In  addition  the  tests  pro- 
vided basic  data  useful  in  a  theoretical  ap- 
proach to  the  problem  of  structural  damping 
in  suspension  bridges  \  The  results  ob- 
tained in  the  early  work  led  to  some  expan- 
sion of  the  initial  program  in  order  that 
other  useful  information  on  structural 
damping  might  be  obtained  while  the  ex- 
perimental facilities  were  available. 

In  general,  damping  is  the  dissipation  of 
energy  that  a  vibrating  structure  receives 
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from  external  exciting  forces,  in  the  course 

of  which  part  of  the  external  energy  is 
transformed  into  molecular  energy  and  part 
is  dissipated  to  surrounding  objects  or  the 
atmosphere.  The  structural  damping  dis- 
cussed in  this  report  is  the  result  of  one  or 
more  of  the  following:  imperfect  elasticity 
of  the  material,  friction  due  to  small  relative 
displacements  in  the  joints  of  the  structure, 
and  friction  at  sliding  expansion  joints  of 
a  simulated  floor  system,  at  sliding  end 
heariri.cs.  or  at  the  sliding  surfaces  of  me- 
chanical  brakes. 

The  program  of  damping  tests  was  orig- 
inally recommended  by  the  Committee  on 
Model  Studies  of  the  Advisory  Board  and 
was  approved  by  the  Executive  Committee 
of  the  Board  at  a  meeting  held  in  New  York 
on  October  8,  1943.  The  results  obtained 
were  placed  before  the  Board  in  a  series 
of  four  progress  reports  dated  March  1945, 
April  1946,  May  1948,  and  July  1949,  re- 
spectively. The  data  contained  in  these  re- 
ports were  released  in  condensed  form  in 
the  A.S.C.E.  paper  previously  referred  to.3 

To  carry  out  the  program,  three  test 
specimens  were  obtained  through  the  co- 
operation of  the  American  Institute  of  Steel 
Construction  and  the  Inland  Steel  Company. 
These  were  a  bolted  truss,  a  rolled  H-section. 
and  a  solid  bar  of  rectangular  cross  section. 
The  material  of  which  the  truss  was  made 
was  a  low  alloy  steel  of  relatively  high 
strength,  while  that  in  the  H-section  and  the 
rectangular  bar  was  carbon  steel  with 
0.20-0.25  percent  carbon.  The  specimens 
were  supported  at  the  ends  in  a  horizontal 
position  on  either  a  36-foot,  10-inch,  or  a 
28-foot,  4-inch  span  length,  as  will  be  de- 
scribed in  detail  later. 

Scope  of  Investigation   and 
Summary  of  Indications 

The  expanded  program  of  the  investiga- 
tion authorized  by  the  Advisory  Board  con- 
sisted of  four  principal  parts,  plus  a  num- 
ber of  subordinate  collateral  investigations. 
Some  supplemental  studies  were  also  made 
to  develop  additional  information.  The  na- 
ture of  the  investigations  and  summarized 
findings  are  described  in  the  following  para- 
graphs. 

Principal    studies 

1.  A  comparison  was  made  of  the  self- 
damping  characteristics  of  a  trussed  struc- 
tural member  with  that  of  solid  structural 
members  in  equal  stiffness,  when  vibrated 
in  the  first  symmetric  mode. 

The  character  of  the  amplitude  decay  for 
the  two  solid  sections  tested  was  definitely 
exponential  while  that  for  the  bolted  truss 
was  more  complex,  being  apparently  the 
result  of  a  combination  of  the  imperfect 
elasticity  of  the  material  with  plastic  yield- 
ing and  friction  due  to  small  displacements 
in  the  joints.  In  these  tests  there  was,  of 
course,  end  bearing  friction  and  air  fric- 
tion, but  the  former  was  present  as  a  con- 


'  See' reference;   footnote    I,   p.   203. 


slant  and  the  latter  was  believed  to  be  rela- 
tively unimportant. 

In  comparisons  between  the  solid  mem- 
bers and  the  bolted  truss,  the  truss  showed 
considerably  more  capacity  for  self-damp- 
ing, particularly  at  the  higher  amplitudes 
(or  higher  dynamic  stresses).  With  the 
joints  tightly  bolted  the  decrement  values 
ranged  from  about  0.006  at  1,000  p.s.i.  to 
about  0.030  at  10,000  p.s.i.  dynamic  stress 
in  comparison  with  a  range  of  0.003  to 
0.007  for  the  H-section  at  the  same  limits  of 
dynamic  stress. 

The  decrement  values  for  all  three  speci- 
mens increased  with  an  increase  in  ampli- 
tude (or  dynamic  stress),  the  rate  of  in- 
crease being  greatest  with  the  truss  and 
least  with  the  H-section. 

For  small  amplitudes  and  small  dynamic 
stresses  the  decrement  values  were  of  the 
general  order  of  0.004  for  all  specimens. 
The  decrement  values  for  the  solid  members 
did  not  exceed  0.007  in  any  of  the  tests. 
For  the  truss,  however,  values  as  high  as 
0.073  were  found  at  high  initial  amplitudes 
(and  high  dynamic  stresses)  in  combination 
with  low  bolt  tension  in  the  bolted  connec- 
tions. 

2.  In  the  case  of  the  bolted  truss,  a 
determination  was  made  of  the  effect  on 
damping  of  bolt  type,  bolt  tension,  and  the 
procedure  used  in  arriving  at  a  given  level 
of  bolt  tension. 

The  tightness  of  the  bolted  connections 
had  a  pronounced  effect  on  the  damping  of 
the  truss,  particularly  at  the  larger  ampli- 
tudes (or  dynamic  stresses).  The  tighter 
the  bolts,  the  lower  were  the  decrement 
values. 

The  damping  action  of  the  joints  in  the 
truss  when  tightly  bolted  apparently  was 
influenced  more  by  the  pressure  of  the  sur- 
faces held  in  contact  by  the  bolts  than  it 
was  by  the  fit  of  the  bolts  in  the  holes. 

Tests  with  the  bolted  truss  to  study  the 
effect  of  bolt  tightening  sequence  on  damp- 
ing showed  a  measurable  effect,  it  being 
least  with  the  bolts  tightened  to  the  greatest 
degree  of  tension.  The  care  taken  in  the 
bolt  tightening  procedure  in  all  tests  with 
the  truss  seems  fully  justified. 

3.  A  study  of  the  effects  of  a  variation 
in  dead  load  on  the  self-damping  character- 
istics of  the  bolted  truss  showed  tjiat  varia- 
tion in  the  dead  load  of  the  order  of  50 
percent  caused  no  measurable  change  in 
the  damping  characteristics  of  the  truss. 

4.  A  study  was  made  of  the  effect  of  dry 
or  Coulomb  friction,  externally  applied,  on 
the  clamping  characteristics  of  the  bolted 
truss.  The  Coulomb  friction  was  developed 
in  three  different  ways — by  mechanical 
brakes,  by  sliding  bearings  at  the  ends  of 
panels  of  a  simulated  floor  system,  and  by 
sliding  end  bearings. 

The  external  application  of  dry  or 
Coulomb  friction  greatly  increased  the 
damping  of  the  bolted  truss. 

Where  mechanical  brakes  that  employed 
metal  plates  rubbing  together  without  lubri- 
cation were  used  to  develop  frictional 
forces  for  damping  purposes,  more  depend- 


able action  was  obtained  with  opposing  sur- 
faces of  bronze  and  steel  than  with  two 
ferrous  metals  in  contact. 

The  damping  obtained  from  the  rubbing 
of  steel  on  bronze  without  lubrication  fol- 
lows the  laws  of  Coulomb  friction — that  is, 
it  varies  directly  with  the  total  normal 
pressure  on  the  friction  surfaces,  is  inde- 
pendent of  their  area,  and  is  nearly  in- 
dependent of  velocity.  The  effective  co- 
efficient for  the  condition  of  this  test  was 
about  0.13-0.14. 

The  increase  in  the  damping  of  the  bolted 
truss  obtained  by  the  application  of  the 
simulated  deck  sections  was  quite  similar  in 
character  to  that  obtained  with  mechanical 
brakes  in  operation  at  the  ends  of  the  truss. 

The  application  of  the  simulated  deck  to 
the  bolted  truss  and  the  frictional  forces 
developed  at  the  sliding  shoes  of  the  deck 
sections  added  slightly  but  measurably  to 
the  stiffness  of  the  truss  during  its  dynamic 
oscillation.  The  effect  was  somewhat  greater 
at  small  amplitudes  than  at  large  ampli- 
tudes of  motion. 

The  substitution  of  sliding  end  bearings 
of  bronze  on  cold  rolled  steel  for  the  wheel 
bearings  used  at  one  end  of  the  truss  de- 
veloped a  strong  damping  force. 

Collateral   studies 

The  collateral  investigations  authorized 
by  the  Advisory  Board  were  necessary  to 
develop  control  data  for  the  main  investiga- 
tion and  for  other  purposes.  Among  the 
more  important  were: 

(a)  Determination  of  the  ultimate 
strength  and  character  of  failure  of  a  chord 
splice  in  tension  and  of  a  chord  section  in 
compression,  as  used  in  the  bolted  truss. 

(b)  Establishment  of  relations  between 
load,  deflection,  and  critical  strain  in  each 
of  the  three  specimens. 

(c)  Determination  of  the  maximum 
tightening  torque  for  the  bolt-nut  combina- 
tions used  in  the  truss. 

(d)  Segregation  of  air  damping  effect 
when  the  truss  was  equipped  with  a  simu- 
lated floor  system. 

The  application  of  the  plywood  plates  to 
the  truss,  in  lieu  of  the  steel  deck  panels  of 
equal  frontal  area,  increased  the  damping 
to  a  degree  that  could  be  measured,  al- 
though the  effect  of  the  added  air  resistance 
on  damping  was  relatively  small. 

(e)  Determination  of  the  coefficient  of 
friction  for  the  sliding  bearings  used. 

(/)  Determination  of  the  chemical  com- 
position and  physical  properties  of  the  steel 
in  each  of  the  three  specimens. 

Supplemental   studies 

After  the  work  authorized  by  the  Ad- 
visory Board  had  been  completed,  some  sup- 
plemental studies  were  made  which  devel- 
oped additional  information  of  interest  and 
value. 

A.  The  damping  characteristics  of  the 
truss  with  riveted  connections  were  com- 
pared to  its  performance  with  bolted  con- 
nections. 
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12  IN.  CENTER   TO    CENTER- 
(o)  BOLTED     TRUSS 


6.17  IN 


6.35  IN   - 
(b)   H     SECTION 


Figure  2. — Cross-section  dimensions  of  the  three  specimens  tested. 


4.01  IN 


34  IN- 


(c)  SOLID    RECTANGULAR    BAR 


Tests  with  the  truss  with  all  chord  con- 
nections riveted  showed  considerably  less 
evidence  of  movement  at  the  connections 
than  did  the  tests  with  the  bolted  truss, 
particularly  at  higher  amplitudes  and 
higher  dynamic  stresses.  Much  greater 
damping  was  evident  at  all  amplitudes  than 
was  found  for  the  comparable  solid  member 
(H-section). 

B.  From  comparison  of  logarithmic 
decrement  values  determined  from  strain 
decay  data  with  those  obtained  from  deflec- 
tion decay  data,  it  is  indicated  that,  with 
suitable  instrumentation,  damping  can  be 
satisfactorily  determined  from  continuous 
records  of  strain  decay  in  tests  of  this  type. 

C.  Measurements  of  rotation  and  transla- 
tion at  the  ends  of  the  H-section  were  found 
to  be  in  good  agreement  with  theory. 

D.  In  comparisons  of  the  theoretical  and 
observed  performance  of  the  bolted  truss  it 
was  found  that  a  somewhat  better  cor- 
relation was  obtained  when  a  correction  for 
the  initial  sag  of  the  trussed  member  be- 
tween end  supports  was  introduced  into  the 
computations.3 

The  Test  Specimens 

While  a  search  of  the  literature  disclosed 
a  certain  amount  of  data  on  the  damping- 
characteristics  of  complete  structures,  par- 
ticularly bridges  of  various  span  lengths, 
and  dafa  from  a  number  of  studies  of  the 
self-damping  properties  of  steels  of  various 
types  by  means  of  laboratory  tests  on  small 
specimens,  there  seemed  to  be  no  informa- 
tion on  the  self-damping  characteristics  of 


Table   1. — Comparison  of  physical  characteristics  of  specimens 


Moment  of  inertia: 

From  cross  section in.4. 

From  load  deflection in.'. 

Weight  per  foot: 

Specimen  proper lb . 

Attached  dead-load  Weights lb. 

Total  dead  weight lb . 

Maximum  deflection  from  dead 

weight in. 

Natural  period sec . 


36'-10"  span  length 


Truss  > 


Planned     Tested 


19.1 


6.72 
20.78 
27.50 

2.06 
0.41 


20.3 
20.7 

7.26 
21.13 
28.39 

«2.05 
0.39 


H-section 


Planned     Tested 


19.1 


27.50 

0 
27.50 

2.06 
0.41 


16.9 
16.6 

24.00 

0.16 

24.16 

2.05 
0.41 


28'-4"  span  length 


Truss  (shortened) 


Planned     Tested 


19.1 


6.72 
41.98 
48.70 

1.28 
0.32 


20.3 
20.4 

7.59 
41.96 
49.55 

»1.24 
0.31 


Rectangular  bar 


Planned     Tested 


19  1 


48.70 
0 
48.70 

1.28 
0.32 


19.0 
18.9 

48.26 
0.36 

is  r,2 

1.27 
0.32 


1  The  following  comparable  values  were  obtained  for  the  truss  with  all  chord  connections  riveted:  Moment  of  inertia 
from  load  deflection,  20.6  in.4;  maximum  deflection  from  dead  weight,  1.90  in.;  natural  period,  0.39  sec. 

2  Permanent  set  of  1.97  in.  developed  during  testing  with  machine  screws.     Total  deflection  at  end  of  test  4.02  in. 
•Permanent  set  of  0.66  in.  developed  during  testing  with  machine  screws.     Total  deflection  at  end  of  test  1.90  in. 


Table  2. — Physical  properties  of  the  steel  in  each  specimen 


Source  and  number  of  specimens 


Truss  (4) . . .  . 
H-section  (4) 
Bar  i  (2) ...  . 


Ultimate 
strength 


P.S.I. 

73,700 
61,800 
57,000 


Yield 
strength 
(0.10  per- 
cent offset) 


P.s.i. 
55,600 
38,800 
25,000 


Modulus 

of 
elasticity 


P.s.i. 
30,664,000 
30,377,000 
30,590,000 


Reduction 
in  area 


65 
64 
19 


Elonga- 
tion 
(2  inches) 


Percent 
32 
40 
18 


Rockwell 
hardness 


B  83 
B68 
B  61 


» The  material  in  the  bar  does  not  meet  the  tensile  strength  requirements  of  A.S.T.M.  Designation  A7-49T,  speci- 
fication for  steel  for  bridges  and  buildings.  This  should  have  no  significance  insofar  as  the  data  obtained  in  these  tests 
are  concerned  since  the  maximum  stresses  in  the  bar  as  tested  were  approximately  11,000  p.s.i, 


3  See  footnote  1,  p.  203. 


structural  members  made  of  steel.  For  this 
reason  the  investigation  is  believed  to  be 
unique.  The  test  methods  and  insti-umenta- 
tion  used  in  the  tests  were  unusual  in  a 
number  of  respects  and  may  be  of  general 
interest  to  the  profession,  so  they  are  de- 
scribed fully  in  this  report. 


As  mentioned  previously,  the  specimens 
furnished  for  the  test  program  were  a 
bolted  truss,  a  rolled  H-section,  and  a  solid 
rectangular  bar,  all  with  cross-sectional 
dimensions  as  shown  in  figure  2.  These 
were  originally  designed  to  provide  sections 
of  equal   stiffness — that  is,  equal  moments 
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Figure    3. — Rocker    bearing    (above)    and    wheel    bearing    (below)    used    to    support    the 
specimens.      The    H-section    is    shown    here. 


of  inertia.  As  furnished,  however,  there 
was  some  departure  from  the  planned 
dimensions  and  a  corresponding  variation 
was  found  in  the  moment  of  inertia.  The 
moment  of  inertia  of  the  truss  was  slightly 
greater  while  that  of  the  H-section  was 
somewhat  smaller  than  the  moment  of 
inertia  of  the  rectangular  bar. 

The  truss  and  the  H-section  were  com- 
pared on  a  span  length  of  36  feet,  10  inches, 
and  the  truss  (shortened)  and  the  rectangu- 
lar bar  were  compared  on  a  span  length 
of  28  feet,  4  inches. 

In  these  comparisons,  it  was  originally 
planned  that  the  specimens  being  compared 
would  be  of  equal  weight  and  stiffness  so  as 
to  have  equal  periods  of  vibration  and  equal 
dead-load  deflections.  For  various  reasons 
there  were  some  deviations  in  the  weights, 
dimensions,  and  stiffness  of  the  test  speci- 
mens as  furnished,  as  may  be  noted  in  data 
which  follow.  There  is  no  evidence,  how- 
ever, that  the  deviations  mentioned  were 
of  sufficient  magnitude  to  affect  adversely 
the  comparisons  which  have  been  made. 


Since  the  weight  of  the  truss  as  furnished 
was  of  the  order  of  250  pounds  in  contrast 
to  900  pounds  for  the  H-section  and  1,400 
pounds  for  the  bar,  it  was  necessary  to  add 
a  considerable  amount  of  weight  to  the  truss 
for  the  comparative  tests.  This  weight  was 
in  the  form  of  rectangular  steel  bars  at- 
tached transversely  at  the  lower  panel 
points.  These  attached  panel-point  weights 
will  be  referred  to  as  dead-load  weights. 

Certain  pertinent  information  as  to  the 
weight,  stiffness,  and  other  physical  charac- 
teristics of  each  specimen  are  given  in 
table  1.  Certain  data  on  the  physical  prop- 
erties of  the  material  in  each  specimen  are 
given  in  table  2. 

Test  Procedure 

The  general  method  of  test  was  quite 
simple.  The  specimen  was  supported  as 
a  simple  beam  at  the  span  lengths  men- 
tioned. It  was  excited  to  a  given  degree  of 
oscillation  in  the  first  symmetric  mode  in 
the  vertical  plane.  Having  developed  the 
desired  amplitude,  the  oscillations  were  al- 


lowed to  die  out  naturally  through  damp- 
ing caused  by  internal  friction,  end  bearing 
friction,  and  air  friction.  Since,  end  bear- 
ing friction  may  be  assumed  to  be  constant 
for  specimens  of  equal  weight  and  since 
air  friction  could,  at  best,  exert  only  a  very 
small  damping  force  under  the  conditions 
of  these  tests,  it  was  felt  that  any  important 
differences  found  in  the  data  obtained  with 
the  various  specimens  would  be  caused  by 
inherent  differences  in  the  damping  forces 
within  the  specimens. 

In  a  part  of  the  program  the  damping 
effect  from  the  friction  sources  listed  above 
was  augmented  by  controlled  dry  friction 
applied  to  the  truss. 

The  rate  of  energy  dissipation  or  damp- 
ing can  be  determined  from  the  way  in 
which  the  oscillations  of  the  specimen  die 
out  or  decay,  and  can  be  measured  by  means 
of  a  quantity  known  as  the  logarithmic 
decrement  of  damping.  This  quantity  may 
be  defined  as  the  natural  logarithm  of  the 
ratio  of  the  amplitudes  of  any  two  succes- 
sive oscillations.  If  the  rate  of  amplitude 
decay  is  exponential  in  character  the 
logarithmic  decrement  will  have  a  constant 
value;  if  not,  the  value  of  the  decrement 
will  be  a  variable.  For  convenience,  in 
these  tests,  single  amplitudes — that  is, 
movements  to  one  side  of  the  mean  posi- 
tion— have  been  used  for  decrement  determi- 
nations. The  method  of  analysis  will  be 
described  later. 

To  support  the  specimen,  substantial  con- 
crete pedestals  were  built.  To  the  top  of 
each  pedestal  a  steel  plate  was  attached 
after  being  carefully  leveled.  At  one  end 
of  the  span,  rocker  bearings  were  fastened 
to  the  plate  to  permit  rotational  movement 
of  the  specimen  in  the  vertical  plane,  but 
to  restrain  it  from  any  translatory  motion. 
At  the  opposite  end  of  the  span  the  plate 
was  used  to  provide  a  plane  surface  on 
which  ball-bearing  wheels  attached  to  the 
specimen  could  I'oll.  Details  of  these  end 
bearings  may  be  seen  in  figure  3. 

Control   of   Oscillations 

The  means  used  to  develop  controlled 
oscillations  in  the  specimens  will  be  under- 
stood by  referring  to  figure  4.  Along  the 
specimens,  at  intervals  equal  to  the  panel 
length  of  the  truss,  weights  were  suspended 
in  such  a  manner  that  all  could  be  released 
simultaneously.  These  weights  were  cylin- 
drical in  form,  made  of  cast  iron,  and 
weighed  19.5,  34.5,  or  51.75  pounds  each, 
depending  upon  the  test  condition  for  which 
used.  To  distinguish  them  from  dead-load 
weights  that  were  attached  to  the  speci- 
mens for  various  purposes,  these  suspended 
weights  will  be  referred  to  as  live-load 
weights  in  this  report. 

The  live-load  weights  were  supported  by 
steel  hooks  extending  downward  f»om  the 
specimen.  Each  hook  terminated  in  a  short 
horizontal  knife  edge.  On  this  knife  edge 
rested  a  weight  support  consisting  of  a 
pivoted  trigger  held  in  place  by  a  latch 
which  could  be  tripped  by  a  solenoid,  the 
entire  mechanism  being  mounted  on  the  sus- 
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pended  weight.  By  connecting  the  solenoids 
in  series  all  of  the  weights  could  be  re- 
leased simultaneously  by  closing  one  switch. 

In  order  to  determine  whether  or  not  the 
pivoted  trigger  interfered  in  any  way  with 
the  free  fall  of  the  suspended  weight,  tests 
were  made  in  which  the  free  fall  was  com- 
pared to  that  of  an  identical  weight  sup- 
ported on  a  wire  and  released  by  melting 
the  wire.  Space-time  traces  of  the  two 
falling  weights  were  found  to  be  identical. 

In  most  of  the  tests  on  the  36-foot,  10- 
inch  span  length  26  live-load  weights  were 
used,  while  on  the  28-foot,  4-inch  span 
length  the  number  was  20. 

A  wooden  bench  and  pads  of  celotex  were 
provided  to  catch  the  released  weights  as 
the  tests  were  made  (fig.  4). 

With  this  means  of  excitation  it  was  pos- 
sible to  duplicate  any  desired  test  condi- 
tion as  many  times  as  the  program  required. 

Measurement   of  amplitude 

In  the  majority  of  the  tests  the  amplitude 
of  the  oscillation  was  recorded  at  midspan 
by  means  of  a  sharply  pointed  steel  stylus, 
attached  to  the  specimen  in  a  position  such 
that  it  could  be  brought  into  light  contact 
with  a  smoked  paper  wrapped  around  a 
slowly  revolving  drum.  By  means  of  a 
solenoid  under  automatic  control,  the  stylus 


traced  on  the  smoked  paper  complete  cycles 
of  the  vertical  motion  of  the  oscillating 
specimen.  Usually  these  records  were  made 
for  the  initial  oscillation  and  those  that  oc- 
curred during  the  first  second  of  each  10- 
second  interval  thereafter. 

During  the  intervening  9  seconds  the 
stylus  was  retracted  from  contact  with  the 
paper  in  order  to  reduce  to  a  minimum  the 
damping  from  stylus  friction.  That  this 
was  accomplished  to  a  satisfactory  degree 
was  indicated  by  tests  which  showed  that 
the  H-section  vibrated  perceptibly  for  about 
13  minutes  after  the  release  of  the  live-load 
weights  with  no  stylus  contacts  and  for 
about  12  minutes  with  stylus  contacts  at 
10-second  intervals,  as  described  above. 

A  time  trace  with  1-second  intervals  was 
also  placed  on  the  record  by  another  stylus 
controlled  by  a  calibrated  pendulum. 

The  details  of  this  deflection-recording 
equipment  are  shown  in  figure  5,  and  figure 
6  is  a  photograph  of  a  record  (in  negative 
form)  as  taken  from  the  drum  and  laid  flat. 
The  drum  frequently  made  more  than  one 
complete  revolution  during  the  course  of  a 
test,  as  it  did  in  the  case  of  the  test  record 
shown  in  figure  6.  The  traces  of  greatest 
amplitudes,  recorded  at  10-second  intervals, 
were  those  made  during  the  first  revolution 
of  the  drum.     Those  with  the  next  smaller 


amplitudes  were  made  during  the  second 
revolution  of  the  drum,  and  so  on.  The 
1-second  time-interval  trace  appears  at  the 
top. 

In  some  of  the  later  tests,  where  the 
damping  rate  was  high  and  the  intermit- 
tent recording  could  not  be  used  effectively, 
a  different  method  was  used.  In  this  a 
magnetic-reluctance  pickup  unit  was  em- 
ployed with  a  galvanometer  type  oscillo- 
graph for  recording.  A  2,000-cycle  carrier 
current  was  used  in  the  system.  Because 
of  its  limited  displacement  range  the  pickup 
unit  was  located  near  the  rocker-bearing 
end  of  the  truss,  and  the  proportionality  of 
vertical  movement  at  this  point  with  that  at 
midspan  was  established  by  a  comparison 
of  simultaneous  recordings.  With  this  sys- 
tem there  was  no  physical  contact  between 
the  recording  system  and  the  moving  speci- 
men. 

Strain  gages  used 

Strain  gages  were  placed  on  each  speci- 
men at  midspan  to  provide  data  on  the 
maximum  stresses  developed  for  the  various 
conditions  of  test.  These  were  of  the  elec- 
trical resistance  type,  known  commercially 
as  SR-4  gages,  cemented  to  the  specimen 
and  used  in  conjunction  with  a  static  strain 
indicator   or   an   oscillograph.      One   of   the 


Figure   4. — Details   of   the   weight-release    mechanism. 
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Figure  5. — The  deflection-recording  equipment:  the  solenoid-actuated  styus  at  the  left 
records  vertical  motion  on  the  drum,  while  the  stylus  at  the  right  records  time 
traces.    The  bar  specimen,  with  strain   gage   installed,   appears   below. 


gages  on  the  surface  of  the  rectangular  bar 
may  be  seen  in  figure  5  and  typical  strain 
data  obtained  on  the  H-section  are  shown 
in  figure  7. 


The  relations  between  strain  and  load 
and  between  deflection  and  load  were 
utilized  for  a  number  of  purposes  during 
the  course  of  the  investigation. 


Some  attempt  was  made  in  the  early  tests 
to  determine  decrement  values  from  the  rate 
of  strain  decay  as  recorded  by  an  oscillo- 
graph. It  was  concluded  that  the  method 
was  feasible,  but  that  the  direct  recording 
of  deflection  was  perhaps  a  more  reliable 
means  since  no  electrical  amplification  was 
involved.  However,  in  the  supplemental  in- 
vestigation, with  better  instrumentation 
available,  this  question  was  studied  more 
thoroughly  with  results  that  will  be  dis- 
cussed later  in  the  report. 

The  cover  illustration  shows  the  shortened 
truss  as  set  up  on  the  28-foot,  4-inch  span 
length  for  comparisons  with  the  solid 
rectangular  bar.  The  deflection  measuring- 
equipment,  ball-bearing  wheels  at  the 
(near)  end  frame  of  the  truss,  dead-load 
weights  at  the  panel  points,  and  the  sus- 
pended live-load  weights  are  to  be  seen  in 
this  photograph. 

Chord  Joints   Tested 

The  trussed  member  was  made  up  of 
angles,  1-inch  by  1-inch  by  0.065-inch  in 
section,  cold  formed  from  a  low  alloy  steel. 
Except  for  the  lateral  bracing  in  the  plane 
of  the  upper  chords,  the  joints  of  the  truss 
as  originally  fabricated  were  drawn  up  with 
No.  10-24  commercial  machine  screws  used 
as  bolts.  These  passed  through  clearance 
holes  in  the  gusset  plates  and  truss  mem- 
bers and  were  fitted  with  washers  and 
hexagonal  nuts  of  commercial  grade.  This 
was  the  type  of  joint  fastening  used  in  the 
initial  tests. 

A  number  of  tests  with  a  torque-indicat- 
ing wrench  showed  that  this  screw-nut  com- 
bination would  withstand  a  tightening 
torque  of  40  inch-pounds  or  more  before 
failure  occurred.  On  the  basis  of  this  in- 
formation it  was  decided  to  test  the  trussed 
member  (or  truss,  as  it  will  be  called)  at 
three  degrees  of  bolt  tension,  measured  by 
tightening  torques  of  35,  25,  and  15  inch- 
pounds,  respectively. 

The  net  section  of  a  No.  10-24  machine 
screw  is  approximately  one-half  that  of  a 
solid  rivet  of  the  same  overall  diameter. 
This  fact  raised  a  question  as  to  the 
strength  of  the  chord  splices  in  tension  and 
it  was  decided  to  test  such  a  splice  to 
failure   before    beginning    the    program    of 
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Figure   6. — Deflection    record   taken    from    the   drum    and    laid   flat.       The    oscillations    persist    during    several    revolutions    of    the    drum. 
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Figure    7. — Typical    measured    strain    data    on    vertical    faces    of    the    H-section    at    midspan    under    various    uniformly    distributed    loads. 


load  tests  with  the  truss.  The  Inland  Steel 
Company  had  on  hand  a  few  pieces  of  the 
angle  from  which  the  truss  was  fabricated 
and  made  these  available.  There  was  more 
than  enough  material  for  the  one  chord 
splice  specimen  desired  for  the  tension  test 
so  as  a  matter  of  interest  34-inch  specimens, 
representing  a  section  of  the  upper  chord 
between  panel  points,  were  made  up  and 
tested  as  columns  in  compression.  Figure 
8  shows  the  chord  splice  as  set  up  in  the 
testing  machine  for  the  tension  test  and 
figure  9  shows  the  set-up  for  the  compression 
test.  Restraint  from  bending  at  the  ends 
of  the  compression  specimen  and  restraint 
from  deflecting  laterally  in  one  plane  at  the 
midpoint  were  provided  to  simulate  the  con- 
ditions under  which  the  member  would  func- 
tion. The  bolts  in  the  connections  of  both 
the  tension  and  compression  test  specimens 
were  tightened  with  a  torque  of  35  inch- 
pounds.  From  these  tests  the  data  con- 
tained in  table  3  were  obtained. 

The  tests  of  the  chord  sections  in  both 
tension  and  compression  were  considered 
important  because  of  the  rather  high  unit 
stresses  expected  in  the  chords  under  the 
heavier  loadings  (approximately  24,000 
p.s.i.) .  On  the  basis  of  the  results  of  these 
tests,  as  shown  by  the  data  in  table  3,  it 
was  concluded  that  the  truss  would  not  be 
overstressed  under  any  of  the  scheduled 
loadings. 

Damping  Characteristics  of  Truss  and 
Solid  Members 

The  truss  bolted  up  with  the  No.  10-24 
machine  screws  tightened  to  a  value  of  35 
inch-pounds  with  a  torque  indicating 
wrench,  as  shown  in  figure  10,  was  compared 


with  the  H-section  on  the  36-foot,  10-inch 
span,  the  excitation  being  from  the  release 
of  either  the  19.5-pound  or  the  34.5-pound 
live-load  weights.  Similarly  the  shortened 
truss  was  compared  with  the  rectangular 
bar  on  the  28-foot,  4-inch  span,  the  excita- 
tion in  this  case  being  from  the  release  of 
the  19.5-pound,  34.5-pound,  or  51.75-pound 
live-load  weights.  Pertinent  data  on  loads, 
deflections,  and  static-load  stresses  obtained 
in  these  tests  are  given  in  table  4. 

From  the  data  in  this  table  it  will  be 
noted  that  under  the  various  test  conditions 
the  initial  double  amplitudes  at  midspan 
varied  from  about  0.7  inch  to  about  4.1 
inches  and  that  the  maximum  stress  in  the 
extreme  fiber  at  midspan  ranged  from 
about  6,350  p.s.i.  to  about  23,450  p.s.i. 

As  may  be  deduced  from  the  record  of 
oscillation  decay  shown  in  figure  6,  the 
amplitude  values  decrease  progressively  with 
time  as  part  of  the  energy  is  lost  with  each 
successive  oscillation.  If  the  energy  loss  is 
caused  largely  by  viscous  friction  within 
the  metal,  as  in  the  case  of  the  H-section 
and   the   rectangular  bar,   the   rate   of  de- 


crease tends  to  be  according  to  some  ex- 
ponential function.  If,  on  the  other  hand, 
it  is  caused  by  external  dry  friction,  the 
rate  of  decrease  would  tend  to  be  linear.  In 
these  tests  energy  loss  from  both  types  of 
friction  was  present  in  varying  degree,  de- 
pending upon  the  particular  conditions  of 
test,  as  will  be  seen  in  data  that  will  be 
presented. 


Amplitude   decay   curve 

If  a  continuous  record  is  made  of  the 
vertical  movements  of  a  point  on  the  vibrat- 
ing specimen  and  is  related  to  a  uniform 
horizontal  time  scale,  and  if  a  boundary  or 
envelope  curve  is  drawn  through  the  ex- 
treme tips  of  the  individual  amplitude 
traces,  a  smooth  curve  will  result.  The 
shape  of  this  envelope  or  amplitude  decay 
curve  is  indicative  of  the  type  of  friction 
that  is  causing  the  amplitudes  to  decrease, 
and  from  it  values  of  the  logarithmic  decre- 
ment may  be  obtained.  It  will  tend  to  be  an 
exponential  curve  if  viscous  friction  is  the 
dominant  cause  of  damping  or  tend  toward 


Table    3. — Tests   of    chord    splicer- 


Fastenings 

Load  at 
failure 

Stress  in 

angles  at 

failure 

Type  of  failure 

Type 

Torque 
applied 

Tension  tests: ' 

Bolted  splice 

Riveted  splice 

Compression  teBt 2 .  .  . . 

No.  10-24  machine 

screws 
NAS  screws 

In.-lb. 
35 

15 

Lb. 

11,100 

15,220 
13,540 
10,700 

P.s.i. 

55,800 

76,600 
68,100 
43,300 

Bolts  failed  in  shear. 

Angles  failed  at  bolt  hole:> 
Rupture  in  splice  plates. 
Buckling  of  angles  at  midlength. 

No.  10-24  machine 
screws. 

35 

>  Net  section  of  chord  angle9,  0.199  sq.  in. 


!  Full  section  of  two  chord  angles,  0.247  sq.  in. 
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(LEFT)  Figure  8. — Tension  test  on  chord  splice  of  bolted  truss. 

(ABOVE)   Figure  9. — Compression  test  on  section  of  upper  chord  of  bolted  truss. 


Table   4.— 

-Loads, 

initial 

amplitudes,    and    static    load 

stresses 

Member 

Span 
length 

Added  weights 

Dead  load 

Live  load 

Total  load 

Initial  double 
amplitude 

Stress  in  extreme  6ber  at  midspan 

Number 

Weight 
of  each 

Planned 

Tested 

Planned 

Tested 

Planned 

Tested 

Planned 

Tested 

Planned 

Computed  stresses 

Tested 

I  from 

measured 

section 

I  from 
weight- 
deflec- 
tion data 

P.s.i. 
12,581 
18.685 
23.381 

12.642 
18,776 
23,495 

9,428 
14.804 
18.939 

Measured 
strains  X 
30,000,000 

P.s.i. 
11.868 
17.505 
22,623 

12.750 
18,930 
23.670 

9,360 
14,664 
18,729 

Weighted  truss  (machine  screws) 
Riveted  truss  (lor  comparison) . . 

36'-10" 
36'-10" 
36'- 10" 

f    None 
\         26 
I         26 

f   None 

26 

1         26 

(    None 

26 

I         26 

Lb. 

19.5 
34.5 

19.5 
34.5 

"l9'.o" 
34.5 

Lb. 
1,012.9 
1.012.9 
1.012.9 

1,012.9 
1,012  9 
1,012.9 

1,012.9 
1,012.9 
1,012.9 

Lb. 
1,045.8 
1 .045  8 
1,045.8 

1.040.9 
1.040.9 
1,040.9 

890.0 
890.0 
890.0 

Lb. 

0 

507.0 

897.0 

0 
507.0 
897.0 

0 
507.0 
897.0 

Lb. 

0 

507  4 

897.8 

0 

507.4 
897.8 

0 

507.4 
897.8 

Lb. 
1.012.9 
1.519  9 
1,909.9 

1.012.9 
1.519.9 
1,909.9 

1.012.9 
1.519.9 
] .909.9 

Lb. 

1.045.8 
1.553.2 
1.943.6 

1,040.9 
1.548  3 
1,938.7 

890.0 
1.397.4 
1.787.8 

In. 

0 

2  06 
3.65 

0 

2  06 
3.65 

0 

2.06 

3.65 

In. 
0 

1  836 
3.266 

0 

1.833 
3.267 

0 

2.308 

4.082 

P.s.i. 
13.117 
19.682 
24.733 

13.117 
19.682 
24,733 

8.954 
13.436 
16,884 

P.s.i. 
12.829 
19.053 
23.842 

12.829 
19.053 
23.812 

8,982 
14,103 
18,042 

Weighted  truss  (machine  screws) 

28'-4" 
28'-4" 

f    None 
I          20 
1          20 
[         20 

f    None 
20 
20 

I         20 

19.5 
34.5 
51.75 

19.5 
34.5 
51.75 

1.379.8 
1  379.8 
1,379.8 
1,379.8 

1,379  8 
1.379.8 
1,379.8 
1,379.8 

1.403.8 
1,403.8 
1.403.8 
1.403.8 

1.377.6 
1.377.6 
1.377.6 
1.377.6 

0 
390.0 
690.0 
1.035.0 

0 

390.0 

690.0 

1,035.0 

0 
390.4 
690.6 
1,035.4 

0 
390.4 
6S0.6 
1.035.4 

1  .379  8 
1.769.8 
2,069  8 
2.414.8 

1.379  8 
1.769.8 
2.069.8 
2, 414. 8 

1.403.8 
1.794.2 
2,094.4 
2,439.2 

1.377.6 
1.768  0 
2.068.2 
2,413.0 

0 

0.72 
1.28 
1.92 

0 

0.72 
1.28 
1.92 

0 

0.656 
1.149 
1.738 

0 

0.731 
1.277 
1  905 

13.745 
17,631 
20,619 
24,056 

6,140 
7,876 
9.211 
10,746 

13,246 
16,930 
19.762 
23,016 

6,176 

7.926 

9.272 

10.817 

13.311 
17.013 
19,859 
23,129 

6.207 
7.966 
9.318 
10,871 

13,489 
17.247 
20,097 
23,462 

6.345 

8,124 

9,480 

11,073 
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Figure  10. — Use  of  torque  indicating  wrench 
for   setting   bolt   tension. 


a     straight    line     if    dry     friction    is    the 
dominant  cause. 

If  the  equation  for  the  amplitude  decay 
curve  can  be  determined,  the  logarithmic 
decrement  value  at  any  oscillation  or  time 
value  may  be  obtained  directly  from  the 
equation.  This  method  was  used  for  deter- 
mining logarithmic  decrement  values  in  all 
of  the  tests  with  the  solid  sections.  An  ex- 
ample of  the  method  of  analysis  is  illus- 
trated in  figure  11  where  amplitude  values 
resulting  from  experimental  measurement 
are  shown  as  plotted  points  along  an  ex- 
ponential curve,  the  equation  for  which 
was  derived  from  the  experimental  data. 
Attention  is  called  particularly  to  the  way 
in  which  the  observed  points  lie  along  the 
line  of  the  curve,  representing  the  equation 
derived  to  fit  the  observed  values.  Below 
in  the  same  figure  is  another  curve  showing 
the  variation  in  logarithmic  decrement 
values  as  the  oscillations  damp  out,  decreas- 
ing from  an  initial  value  of  about  0.0071  to 
a  final  essentially  constant  value  of  about 
0.0031.  The  decrement  values  that  estab- 
lished this  curve  were  computed  from  the 
equation. 


In  those  cases  where  the  damping  results 
f  rom  some  complex  combination  of  influences 
it  frequently  becomes  impractical  to  find  an 
equation  that  fits  the  experimentally  deter- 
mined amplitude  decay  curve.  This  was 
found  to  be  the  case  in  a  number  of  tests 
with  the  bolted  truss.  For  these  data 
logarithmic  decrement  values  were  calcu- 
lated from  the  ratio  of  two  successive  ampli- 
tudes at  each  of  a  series  of  points  along-  the 
amplitude  decay  curve. 

Logarithmic  Decrement  Relations 

The  measurement  of  both  strain  and  de- 
flection at  midspan  made  it  possible  to  relate 
extreme  fiber  stress  to  midspan  deflection 
for  each  specimen  and  from  this  to  relate 
the  instantaneous  logarithmic  decrement 
values  to  maximum  fiber  stress  developed 
during  the  particular  oscillation  to  which 
the  values  applied.  Graphs  showing  the 
variation  of  logarithmic  decrement  with 
dynamic  stress  were  particularly  useful  for 
the  comparisons  desired  in  this  investigation 
and  much  of  the  data  will  be  presented  in 
that  form. 
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Figure  11. — Analysis  of  amplitude  decay  curve. 
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H -section   with   34.5-pound  weights. 
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Figure  12  shows  the  relation  between 
logarithmic  decrement  and  stress  for  the 
truss  and  the  H-section  under  identical  con- 
ditions of  test  on  the  36-foot,  10-inch  span 
as  found  in  the  initial  tests.  In  these  par- 
ticular tests  the  truss  was  bolted  up  with 
the  No.  10-24  machine  screws  drawn  up 
with  a  35  inch-pound  torque.  The  initial 
amplitudes  cause  the  highest  stresses  and 
appear  toward  the  right-hand  side  of  the 
graph.  When  excited  with  the  34.5-pound 
live-load  weights  the  truss  showed  an  initial 
decrement  value  of  0.0511  as  compared  with 
a  value  of  0.0071  for  the  H-section.  As  the 
amplitudes  decreased  the  dynamic  strains 
decreased  and  the  decrement  values  de- 
creased also  to  values  of  the  general  order 
of  0.0048  for  the  truss  and  0.0031  for  the 
solid  section  of  the  H-beam. 

Data  from  a  similar  comparison  between 
the  shortened  truss  and  the  rectangular  bar 
when  tested  under  identical  conditions  on 
the  28-foot,  4-inch  span  are  shown  in  figure 


13.  Three  different  live-load  weight  values 
were  used  to  excite  the  specimens  in  these 
tests.  Even  with  the  51.75-pound  weights 
the  maximum  dynamic  stress  in  the  bar  was 
only  about  4,700  p.s.i.  At  this  stress  level 
the  decrement  value  for  the  truss  was  ap- 
proximately twice  that  of  the  solid  section 
of  the  rectangular  bar.  In  this  comparison, 
as  in  that  between  the  truss  and  H-section, 
the  maximum  damping  of  the  truss  was 
found  at  the  beginning  of  the  oscillations 
where  the  amplitude  of  motion  and  the 
stresses  were  greatest.  It  is  under  these 
conditions  that  the  likelihood  of  motion  in 
the  joints  of  the  truss  with  the  accompany- 
ing development  of  dry  or  Coulomb  fric- 
tion is  greatest.  It  is  to  be  noted  that  at 
low  dynamic  stress  values  the  logarithmic 
decrement  values  are  relatively  low  in  all 
cases. 

Each  point  on  these  and  subsequent 
figures  of  the  same  type  represents  an 
average  of  5  to  7  tests  and  may  be  consid- 


ered quite  well  established  since  the  varia- 
tion for  a  given  set  of  test  conditions  usually 
was  quite  small. 

In  these  initial  tests,  with  the  joints  in 
the  truss  fastened  with  the  No.  10-24  ma- 
chine screws,  a  study  was  made  of  the  damp- 
ing of  the  truss  as  influenced  by  the  degree 
of  tension  in  the  bolts  with  which  the  joints 
were  drawn  up.  In  this  study  the  truss  was 
tested  on  both  the  36-foot,  10-inch  span 
and  the  28-foot,  4-inch  span  and  in  both 
cases  the  oscillations  were  caused  by  the 
release  of  the  34.5-pound  live-load  weights. 
Three  degrees  of  bolt  tension,  determined 
by  tightening  torque  values  of  15,  25,  and 
35  inch-pounds,  respectively,  were  used  and 
each  of  the  1,700  bolts  in  the  truss  was  ad- 
justed to  the  value  required  by  the  par- 
ticular test.  The  relation  between  loga- 
rithmic decrement  and  dynamic  stress  for 
each  of  the  several  test  conditions  is  shown 
in  figure  14.  From  these  data  it  is  appar- 
ent  that   the   more   tightly   the   joints    are 
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Figure  13. — Variation  of  logarithmic  decrement  with  stress:  Bolted  truss  and  rectangular  bar.  28-foot.  4-inch  span. 
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drawn  up,  the  less  the  damping,  particularly 
at  the  higher  stresses. 

Examination  of  some  of  the  joints  near 
the  middle  of  the  truss  showed  plainly 
that  there  had  been  relative  motion  between 
the  bolted  members  and  that  in  some  cases 
the  threads  along  the  body  of  the  bolts 
had  been  deformed  considerably  by  it.  This 
raised  the  question  as  to  what  might  be  the 
damping  characteristics  of  the  trussed  mem- 
ber if  the  bolts  more  nearly  filled  the  holes. 

Truss  Fastenings  Studied 

The  Advisory  Board  authorized  further 
tests  with  bolts  that  had  a  solid  or  un- 
threaded body  where  the  bolt  passed  through 
the  angles  and  gusset  plates  and  that  fitted 
closely  in  the  hole  through  these  members. 
After  some  investigation  it  was  found  that 
certain  screws  available  in  the  aircraft  in- 
dustry had  suitable  characteristics.  These 
were  of  high  strength  steel,  manufactured 
to  close  tolerances,  with  well  formed  threads 
in  the  fine  series  (32  threads  per  inch). 
Also,  they  were  obtainable  with  solid  or  un- 
threaded bodies  of  various  lengths.  They 
are  known  as  NAS  (National  Aircraft 
Standard)  screws  and  will  be  referred  to  as 


such  in  this  report.  The  average  diameter 
of  those  obtained  for  these  tests  was  found 
to  be  0.186  inch.  A  special  reamer  was 
made  with  a  diameter  of  0.187  inch  and 
all  holes  in  splices  and  other  connections 
of  the  truss  were  reamed  to  this  size. 

The  nuts  selected  for  use  with  these  high 
strength  NAS  screws  were  a  commercial 
product  known  as  the  "Elastic  Stop  Nut." 
Each  nut  contains  an  integral  fiber  washer 
which  tends  to  prevent  the  nut  from  work- 
ing loose.  Tests  with  a  torque-indicating 
wrench  showed  that,  as  used  in  these  tests, 
the  torque  required  to  turn  these  nuts  on 
the  NAS  screws  was  of  the  order  of  1  to  2 
inch-pounds. 

Tightening  of  the  NAS  screw  and  Elas- 
tic Stop  Nut  combination  showed  that 
failure  occurred  by  yielding  of  the  bolt  body 
in  tension  at  a  tightening  torque  of  about 
90  inch-pounds,  as  compared  with  about  45 
inch-pounds  for  the  commercial  machine 
screws  used  in  the  original  assembly  of 
the  truss.  In  other  words,  these  fasteners 
were  about  twice  as  strong  as  the  screw-nut 
combination  used  in  the  initial  tests  with 
the  truss. 

For  the  tests  of  the  truss  with  the  NAS 


screw  fastenings,  tightening  torque  values 
of  15,  25,  and  45  inch-pounds  were  selected. 
The  first  two  gave  direct  comparisons  with 
data  obtained  when  the  No.  10-24  machine 
screws  were  used,  while  the  45-inch-pound 
value  was  chosen  because  tests  showed  that 
it  corresponded  to  a  direct  tensile  stress  of 
about  60,000  p.s.i.  in  the  bolt  body.  This 
seemed  to  be  a  reasonable  upper  limit  for 
working  stress  in  structural  bolting. 

A  chord  splice  made  up  with  the  NAS 
screws  tightened  with  a  torque  of  15  inch- 
pounds  was  tested  in  tension.  As  shown 
in  table  3,  it  failed  at  a  load  of  15,220 
pounds  by  rupture  of  the  metal  in  the 
angles,  the  screws  being  undamaged.  In 
a  comparative  test  with  the  No.  10-24  ma- 
chine screws  the  splice  failed  at  12,240 
pounds  by  shear  in  the  bolts.  The  computed 
stress  in  the  chord  angles,  based  on  net  sec- 
tion, was  about  76,600  p.s.i.  in  the  test  with 
the  NAS  screws  and  about  61,500  p.s.i.  in 
that  with  the  commercial  machine  screws. 
The  appearance  of  the  failed  chord  section 
tested  with  the  NAS  screws  is  shown  in 
figure  15. 

After  all  the  holes  had  been  reamed  and 
the   NAS   screws   had  been  installed,  tests 
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were  muck-  with  the  truss  on  tin-  36-foot, 
10-inch  span  with  the  34. 5-pound  live-load 
weights,  using  tightening  torques  of  15,  25, 
and  45  inch-pounds,  respectively. 

The  data  obtained  in  thesr  tests  are 
shown  in  figure  16  and  are  comparable 
with  those  obtained  with  the  truss  when 
fastened  with  the  machine  screws  as  shown 
in  figure  14.  It  will  be  observed  that  with 
the  highest  bolt  tension,  represented  by  a 
tightening  torque  of  35  inch-pounds  for  the 
machine  screws  and  45  inch-pounds  for  the 
NAS  screws,  the  relations  between  loga- 
rithmic decrement  and  dynamic  stress  are 
essentially  the  same. 
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From  this  comparison  it  would  appear 
that  insofar  as  the  self-damping  charac- 
teristics of  the  truss  are  concerned  the 
tightness  with  which  the  connections  are 
bolted  up  is  of  more  importance  than  is  the 
fit  of  the   bolts   in  the  bolt  holes. 

Tightening    procedure    examined 

At  the  low  tension,  represented  by  a 
tightening  torque  of  15  inch-pounds,  the 
truss  with  the  NAS  screws  showed  more 
damping  at  the  higher  stress  values  than 
had  been  found  in  the  comparable  tests  with 
the  machine  screws.  This  was  rather  sur- 
prising and.  in  searching  for  an  explanation. 
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Figure     14.— -Variation    of    logarithmic    decrement    with    fiber    stress:     Truss     (both 
lengths)   bolted  with   machine  scretcs  with  three   degrees   of  holt   tension. 
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it  was  suspected  thai  variations  of  this 
sort,  particularly  where  lower  bolt  tensions 
were  involved,  might  be  the  result  of  varia- 
tions in  the  tightening  procedure  itself — 
such  as,  for  example,  whether  or  not  a 
given  level  of  bolt  tension  had  been  preceded 
by  a  higher  or  a  lower  bolt  tension  value. 
It  was  recognized  that  the  relation  be- 
tween bolt  tension  and  tightening  torque  is 
susceptible  to  variation,  and  throughout  the 
tests  great  care  was  used  to  follow  a  uni- 
form procedure  to  control  this  variation  as 
much  as  possible. 

To  obtain  information  on  this  point,  tests 
were  made  with  the  truss  on  the  36-foot. 
10-inch  span  excited  with  the  34.5-pound 
live-load  weights.  In  one  series,  three  bolt 
tensions  were  applied  in  ascending  order; 
in  a  second  series,  the  same  tension  values 
were  applied  in  descending  order.  The 
data  obtained  are  shown  in  figure  17. 

It  is  apparent  from  these  data  that  the 
sequence  of  bolt  tightening  operations  could 
have  a  measurable  effect  on  the  damping 
characteristics  of  the  truss,  the  effect  being 
least  at  the  higher  bolt  tensions.  It  is  in- 
dicated that  the  more  tightly  the  joints  are 
drawn  up,  the  less  sensitive  they  are  to  the 
variations  inherent  in  the  tightening  pro- 
cedure.   This  seems  quite  reasonable. 

It  will  be  recalled,  however,  that  when 
the  chord  splices  were  tested  to  failure  in 
tension  the  bolts  were  brought  into  bearing 
and  at  these  high  stresses  the  effect  of  bolt 
type  and  fit  in  the  holes  on  the  ultimate 
strength  of  the  splice  was  quite  marked. 

Effect    of    Variation   in   Dead   Load 

One  of  the  questions  raised  in  the  discus- 
sion of  the  damping  tests  by  the  Advisory 
Board  had  to  do  with  possible  effects  of 
changes  in  dead  load  on  the  damping  char- 
acteristics of  the  truss.  It  was  particularly 
desired  to  learn  what  might  be  the  effect 
of  an  increase  in  dead  load.  Because  of 
the  relatively  high  combined  stresses  de- 
veloped in  the  chord  members  by  the 
dynamic  tests,  there  was  a  practical  limit 
to  the  amount  by  which  the  dead  load  could 
be  increased.  In  order  to  obtain  a  rela- 
tively wide  spread  in  dead-load  values  with- 
out developing  an  excessively  high  combined 
dead-  and  live-load  stress  in  the  chord  mem- 
bers, the  dead  load  of  the  truss  was  first 
reduced  from  its  normal  value  of  1,059.6 
pounds  (with  NAS  screws  and  Elastic  Stop 
Nuts)  to  843.5  pounds  by  decreasing  the 
dead-load  weights  attached  to  the  lower 
chord  panel  points.  After  tests  had  been 
made  with  this  reduced  dead  load,  using 
both  the  lit. 5-  and  the  34.5-pound  live-load 
weights,  dead  load  was  added  to  the  truss 
until  it  weighed  1,278.2  pounds.  The  tests 
were  then  repeated.  Amplitude  decay 
curves  for  each  of  the  four  test  conditions 
are  shown  in  figure  18.  The  data  indicate 
that  increasing  the  dead  load  of  the  truss 
by  51.5  percent  caused  no  significant  change 
in   its  damping  characteristics. 

In  the  original  discussion  of  the  damping- 
test  program  an  item  was  included  that  re- 
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Figure    75 NAS    scretvs    and    Elastic    Stop    Huts   used  in    truss   connections,   and   chord   test 

.section   which   failed   in   tension    ichen   these   screws  were   used. 


ings  to  .support  the  deck  sections— that  is,  if 
the  trussed  member  were  made  to  conform 
more  nearly  to  the  deck  structure  of  a  sus- 
pension bridge.  As  a  result  of  the  discus- 
sion it  was  decided  to  extend  the  program  to 
include  some  study  of  the  effects  of  aug- 
menting the  dry  friction  within  the  truss 
with  dry  friction  developed  by  mechanical 
brakes,  by  sliding  bearings  at  the  ends  of 
sections  of  a  simulated  floor  system,  and  by 
sliding  bearings  at  the  truss  support.  These 
studies  will  be  discussed  in  the  order  named. 
Tests   with    Mechanical    Brakes 

It  was  considered  desirable  as  a  part  of 
the  program  in  which  the  damping  of  the 
truss  was  augmented  by  dry  or  Coulomb 
friction,  applied  externally,  to  have  some 
system  by  which  the  amount  of  the  fric- 
tional  force  could  be  controlled  within  close 
limits. 

For  this  purpose  a  mechanical  brake  de- 
signed   to    develop    known    frictional    forces 


lated  to  the  manner  of  excitation  of  the 
specimens.  Specifically,  the  H-section  was 
to  be  excited  by  the  release  of  live-load 
weights  arranged  in  two  different  patterns 
and  varied  in  amount  so  as  to  produce  equal 
deflections  of  the  beam  at  midspan.  One 
pattern  was  that  used  in  the  tests  that  have 
been  described — that  is,  26  weights,  each  of 
34.5  pounds,  uniformly  distributed  at.  17-inch 
intervals  throughout  the  span  length.  The 
other  pattern  consisted  of  a  series  of  weights 
arranged  symmetrically  about  the  midpoint 
of  the  span  length,  but  not  spread  uni- 
formly from  one  reaction  to  the  other. 

Use  was  made  of  the  51.75-pound  weights 
available  from  the  tests  with  the  rectangu- 
lar bar.  By  trial  it  was  found  that  12  of 
these  weights  would  develop  the  required 
deflection.  The  details  of  the  two  load  ar- 
rangements, together  with  the  relations  be- 
tween logarithmic  decrement  and  number  of 
oscillations  (or  time)  as  found  in  each 
test,  are  shown  in  figure  19.  From  this 
comparison  it  may  be  concluded  that  inso- 
far as  these  particular  load  arrangements 
are  concerned  no  significant  effect  on  damp- 
ing characteristics  was  found. 

To  summarize:  the  data  obtained  in  the 
comparisons  of  the  internal  damping  char- 
acteristics of  trussed  and  solid  steel  mem- 
bers show  that  there  is  a  marked  difference 
between  the  two  at  the  higher  vibration 
amplitudes  and  higher  stress  ranges,  the 
damping  of  the  truss  being  greater  than 
that  of  the  solid  section  in  all  tests.  At 
lower  vibration  amplitudes  the  differences 
are  less  marked  and  the  damping,  as  mea- 
sured by  the  logarithmic  decrement  values, 
is  relatively  quite  small  with  both  types 
of  structural  members. 

Augmented  Damping  of  Truss 

The  data  obtained  in  the  tests  that  have 
been  described  so  far  led  to  a  discussion 
in  the  Advisory  Board  of  the  probable  be- 
havior of  the  truss  if  it  were  provided 
with  a  simulated  deck  having  sliding  bear- 
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Figure    16. —  Variation    of    logarithmic    decrement    with    fiber    stress:      Truss    bolted    with 
MAS    seretes    with    three    degrees    of    bolt    tension. 
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Figure  17. — Effect  of  bolt  tightening  sequence  on  logarithmic  decrement-fiber  stress 

relations. 


at  the  ends  of  the  truss  was  constructed. 
The  principle  of  the  brake  is  quite  simple 
and  its  operation  may  be  readily  under- 
stood by  reference  to  figure  20.  To  the 
inner  face  of  the  concrete  pedestal  that 
carried  the  end  bearings  of  the  truss  a 
steel  support  or  post  was  bolted.  This  post 
extended  upward  through  the  truss  and 
provided  a  ball-bearing  fulcrum  for  a  hori- 
zontal lever  that  extended  outward  lon- 
gitudinally over  the  end  frame  of  the  truss. 
At  the  outer  end  of  the  lever  there  was 
suspended  on  knife  edges  a  pendant  plat- 
form on  which  cast-iron  weights  could  be 
applied  to  develop  a  known  downward  force 
on  friction  surfaces  located  beneath  the 
lever  and  at  a  point  near  the  fulcrum.  These 
surfaces  were  of  several  forms  and  mate- 
rials and  will  be  described  presently.  The 
upper  surface  was  attached  to  the  lever 
while  the  lower  surface  was  carried  on  a 
plate  bolted  transversely  across  the  truss  in 


the  plane  of  the  upper  chord  and  directly 
over  the  end  frame.  The  downward  reaction 
at  the  friction  surfaces  was,  therefore,  di- 
rectly over  the  end  bearing  of  the^  truss. 

As  the  truss  oscillated  in  the  vertical 
plane  the  end  frame  went  through  a  rota- 
tional motion,  causing  a  horizontal  sliding 
motion  at  the  plane  of  contact  of  the  fric- 
tion surfaces.  With  the  three  weights  used 
on  the  platform  of  the  brake,  vertical  re- 
actions of  70,  140,  and  210  pounds  were  de- 
veloped on  the  braking  surfaces.  One  of 
these  brakes  was  installed  at  each  end  of 
the  truss  and  both  were  operative  in  all 
of  the  tests  in  which  brakes  were  used. 

Friction  surfaces  varied 

In  the  initial  tests  with  the  brakes,  both 
of  the  friction  surfaces  were  of  cold  rolled 
steel — the  upper  surface  being  a  cylindrical 
segment  of  6-inch  radius,  the  lower  surface 
being  plane.     These  were   the   surfaces   in 


use  when  the  photograph  of  figure  20  was 
taken.  To  insure  dry  friction  the  rubbing 
surfaces  were  carefully  cleaned  before  each 
test. 

It  was  at  once  evident  that  the  rubbing 
of  a  cylindrical  surface  of  cold  rolled  steel 
on  a  plane  surface  of  the  same  material  in 
the  absence  of  a  lubricant  was  causing  a 
surface  scoring  or  "galling"  which  resulted 
in  erratic  test  results  and  was,  therefore, 
not  satisfactory  for  comparative  testing. 
The  condition  was  present  in  tests  at  rela- 
tively low  pressures  on  the  friction  surfaces, 
but  was  more  severe  at  the  higher  pressures. 

To  increase  the  areas  of  contact  of  the 
friction  surfaces  and  thus  decrease  the  pres- 
sure intensity,  circular  plane  surfaces  of 
1.0-  and  2.0-square-inch  area,  respectively, 
were  made  up  as  replacements  for  the  upper 
cylindrical  surface  used  in  the  initial  tests. 
These  also  were  of  cold  rolled  steel,  finely 
finished.  They  were  conical  in  form  and 
were  fitted  with  a  ball  seat  at  the  top  to 
insure  that  the  plane  friction  surfaces  would 
remain  in  uniform  bearing  as  motion  oc- 
curred. Even  with  the  greatly  reduced 
pressure  intensities  obtained  by  this  modifi- 
cation the  scoring  continued  as  long  as  the 
opposed  surfaces  were  of  cold  rolled  steel 
and  were  without  lubrication. 

The  character  of  the  material  used  for 
the  lower  friction  surface  was  next  changed. 
Inserts  of  bronze  or  of  hardened  steel  were 
fastened  in  the  plate  that  was  bolted  across 
the  truss.  The  bronze  insert  was  made  of 
some  bridge  bearing  material  left  over  from 
an  earlier  research  program  and  met  the 
requirements  of  A.S.T.M.  Designation  B-22- 
21,  Class  C.  The  steel  insert  was  of  flat 
drill-rod  stock  hardened  to  Rockwell  C  57. 

These  various  friction  surfaces  are  shown 
in  figure  21.  In  the  bottom  row  from  left 
to  right  are  the  2-square-inch  circular  plane 
surface,  the  bronze  insert,  the  hardened 
steel  insert,  and  the  2-square-inch  circular 
plane  surface  in  its  normal  position  with 
the  ball  in  place  to  bear  against  the  lower 
surface  of  the  lever  arm.  In  the  upper 
row  of  the  group  are  two  views  of  the 
cylindrical  steel  surface  used  in  the  initial 
tests  with  the  brake  and  of  the  1-square- 
inch  circular  plane  surface  of  cold  rolled 
steel  used  later. 

Damping  effect   of  brakes 

With  the  friction  brakes  in  operation,  the 
oscillations  of  the  truss  damped  out  much 
more  rapidly  than  did  those  obtained  under 
identical  test  conditions  without  this  ex- 
ternally applied  frictional  force.  This  is  as 
would  be  expected.  Because  of  this  rapid 
rate  of  amplitude  decay  it  was  no  longer 
feasible  to  determine  the  logarithmic  decre- 
ment from  the  intermittent  records  of  move- 
ment obtained  with  the  stylus  at  midspan 
and  recourse  was  had  to  a  magnetic  type 
pickup  with  oscillograph  recording,  as  men- 
tioned earlier.  This  type  of  recording  was 
used  in  all  of  the  tests  in  which  external 
friction  was  applied  to  the  truss.  Typical 
records  obtained  with  this  recording  system 
are  shown  in  figure  22.     These  records  are 
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of  interest  because  they  indicate  very  clearly 
the  strong  damping  developed  by  the  brakes, 
particularly  as  the  braking  force  F„  is  in- 
creased, and  also  because  they  3how  the  dif- 
ference in  shape  of  the  envelope  curve 
where  the  damping  is  principally  caused 
by  dry  or  Coulomb  friction. 

Amplitude  decay  curves  obtained  with  the 
mechanical  brakes  in  operation  are  shown 
in  figures  23  and  24  in  comparison  with 
that  for  the  truss  when  no  external  friction 
was  present.  Figure  23  contains  data  ob- 
tained with  the  bronze  lower  friction  sur- 
face in  contact  with  cold  rolled  steel  upper 
friction  surfaces  of  each  of  the  three  types 
and  for  three  pressure  intensities.  Figure 
24  contains  data  for  comparable  test  condi- 
tions except  that  the  lower  friction  surface 
was  of  hardened  steel. 


In  these  figures  and  some  that  appear 
later  the  amplitude  values  are  as  measured 
with  the  pickup  unit  near  the  end  of  the 
truss.  They  are,  therefore,  only  about  10 
percent  of  the  corresponding  amplitude 
values  at  midspan. 

It  is  apparent  that  where  the  bronze  and 
steel  plates  were  used  as  opposing  friction 
surfaces  (fig.  23)  the  braking  action  was 
smooth  and  consistent,  the  damping  in- 
creased progressively  with  the  increase  in 
force  applied  normally  to  the  surface  (  F„), 
and  the  area  of  the  friction  surfaces  had 
little  influence.  In  other  words,  the  action 
conformed  to  the  basic  principles  of  dry 
friction. 

In  contrast,  where  the  opposing  friction 
surfaces  were  of  steel,  even  though  one  was 
much  harder  than  the  other,  abrasion  and 


scoring  were  prevalent.  The  result,  as  will 
be  seen  from  figure  24,  is  that  although  the 
damping  action  was  at  times  greater  than 
with  the  bronze-steel  combination,  the  action 
was  neither  consistent  nor  dependable.  Al- 
though the  damping  does  increase  with  in- 
creases in  the  force  applied  normally  to  the 
friction  surfaces,  the  relation  is  not  par- 
ticularly consistent.  It  is  apparent  also  that 
with  the  greater  pressure  intensities  ob- 
tained with  the  smaller  contact  areas  the 
frictional  resistance  was  greater  than  with 
the  larger  areas,  indicating  that  smooth 
sliding  friction  did  not  obtain. 

It  is  of  particular  interest  that  the  ob- 
served behavior  of  these  friction  surfaces 
was  quite  similar  to  that  observed  in  a  series 
of  friction  tests  on  sliding  bearings  made  by 
the   Bureau  of  Public  Roads  a  number  of 
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(ABOVE)  Figure  19. — Comparative  effects 
of  uniform  loading  and  of  symmetrical 
hut  non-uniform  loading  on  the  damping 
of  the  H-seclion  (midspan  deflection  the 
same  in   both   rases). 

(RIGHT)  Figure  20. — Friction  brake,  with 
cylindrical  surface  on  brake  lever  in  con- 
tact with   plane  surface  on   truss. 

years  ago.4  It  was  concluded  from  these 
earlier  tests  that  combinations  of  like  or 
unlike  ferrous  metals  gave  the  highest  co- 
efficients of  friction  and  that  ferrous  metals 
in  contact  with  bronzes  gave  the  lowest.  Also, 
where  the  opposing  plates  were  of  ferrous 
metals,  either  like  or  unlike,  seizure  and 
scoring  almost  always  occurred. 

For  the  comparative  tests  required  in  this 
program  it  seemed  clear  that  a  combination 
of  steel  and  bronze  must  be  used  for  the 
friction  surfaces  if  the  data  were  to  be 
concordant  and  susceptible  of  analysis,  even 
though  the  frictional  forces  developed  were 
somewhat  smaller. 

With  the  mechanical  brakes  acting,  it  is 
evident  from  the  data  in  figure  23  that  the 
oscillation  amplitudes  decrease  very  rapidly 
to  values  of  the  order  of  0.01  inch  or  less, 
as  measured  at  the  deflection  gage  position 
near  the  end  of  the  truss  (which  corresponds 
roughly  to  amplitudes  of  0.1  inch  or  less  at 
midspan).  Also  it  is  apparent  that  the 
shape  of  the  envelope  or  amplitude  decay 
curve  tends  to  become  linear  as  the  braking 
force  is  increased.  This  is  as  would  be  ex- 
pected, since  the  Coulomb  damping  sup- 
id  ied  by  the  braking  system  tends  to  be- 
come the  dominant  component  as  this  force 
is  increased. 

In  figure  25  are  shown  logarithmic  decre- 
ment values  computed  from  the  amplitude 
decay  curves  of  figure  23  for  the  2-square- 
inch  friction  plate  area  and  for  four  values 


4  Determination  of  coefficients  of  friction  of  eliding 
bearings  for  bridges,  by  G.  W.  Davis.  Public  Roads 
vol.   17,  No.  10,  Dec.   1936. 
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Figure  21. — Various  bearing  surfaces  used  in   the  friction   brakt 
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Figure   22 Typical    amplitude   decay    records    of   friction    brake    tests,    with     I -square-inch 

plane    contact     area. 


of  the  braking  force  as  measured  by  tin- 
normal  component  Fn.  The  complex  nature 
of  the  overall  damping  with  the  brakes  in 
operation  made  it  expedient  to  compute 
decrement  values  directly  from  successive 
measured  amplitudes  at  frequent  intervals, 
as  described  earlier.  This  accounts  for  the 
slight  scatter  of  the  points  for  the  three 
upper  curves  in  figure  25. 

In  the  ease  of  Coulomb  damping  the 
logarithmic  decrement  is  inversely  propor- 
tional to  amplitude.  It  can  be  shown  that 
such  a  hyperbolic  relation  exists  in  the 
data  from  the  tests  in  which  the  maximum 
braking  force  was  used,  that  is,  F,  =  210 
pounds,  which  indicates  that  with  the  high- 
est braking  force  active,  the  damping  is  al- 
most entirely  from  the  braking  action,  hence 
follows  the  laws  of  dry  or  Coulomb  damp- 
ing. 

At  lesser  values  of  Fu  the  action  is  not  so 
completely  dominated  by  the  dry  friction 
developed  by  the  brakes  and  the  damping 
relations  are  more  complex. 

Simulated  Floor  System 

The  second  group  of  experiments  involv- 
ing the  development  of  additional  Coulomb 
damping  were  those  in  which  a  simulated 
floor  system,  with  sliding  bearings  at  in- 
tervals, was  placed  on  the  top  of  the  trussed 
member. 

This  deck  was  designed  as  a  series  of 
steel  plates  7a4  inches  wide  by  ::  ,,;  inch 
thick,  arranged  end  to  end  over  the  full 
length  of  the  truss.  Except  for  one  sec- 
tion 34  inches  in  length  at  the  center  of  the 
span,  the  deck  sections  were  each  8  feet,  6 
inches  in  length.  At  alternate  panel  points 
of  the  upper  chord  small  plates  of  cold 
rolled  steel  were  bolted  transversely  on  the 
truss  and  on  these  the  steel-plate  deck  sec- 
tions were  supported.  At  one  end  of  each 
individual  deck  section  (except  the  34-inch 
section  in  the  center)  two  short  vertical 
legs  were  fastened.  This  pair  of  legs  was 
attached  to  one  of  the  transverse  plates  by 
a  hinge  or  knuckle  connection  that  was  re- 
sistant to  horizontal  or  to  vertical  motion, 
but  not  to  rotation.  At  each  of  the  other 
support  points,  the  deck  section  was  fitted 
with  a  similar  pair  of  legs  except  that  these 
were  tipped  with  bronze  shoes  at  the  lower 
end  to  create  sliding  friction  bearings  for 
the  horizontal  movements  that  occurred  at 
these  points  as  the  truss  oscillated  in  the 
vertical  plane. 

A  deck  load  of  about  500  pounds  was  con- 
sidered desirable  for  the  purposes  of  the 
tests.  To  develop  this  and  at  the  same  time 
to  maintain  the  total  dead-load  weight  that 
had  been  used  in  the  majority  of  the  tests 
with  the  truss,  the  dead-load  weight  at- 
tached to  the  truss  at  the  lower  panel  points 
was  reduced  from  768.9  pounds  to  274.3 
pounds,  a  difference  of  194.6  pounds. 
Ballast  weights  attached  to  the  deck  sec- 
tions were  used  to  increase  the  weight  of 
the  simulated  floor  system  by  an  amount 
which  equaled  approximately  that  removed 
from    the    lower    panel    points.       The    steel 
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Figure  23. — Effect  of  various  degrees  of  dry  friction  on  amplitude  decay:  steel  against  bronze. 
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Figure  24 Effect  of  various  degrees  of  dry  friction   on   amplitude   decay:    steel  against  steel. 

October  1953  •  PUBLIC  ROADS 


NUMBER  OF  OSCILLATIONS 


Figure  25. — Effect  of  various  degrees  of  dry  friction  on  logarithmic  decrement  values 
(36-foot,  10-inch  truss  loaded  with  26  weights,  each  of  34.5  pounds,  and  bolted 
with  1\AS  screws  at  45  inch-pounds  tightening  torque;  brakes  steel  against  bronze. 
2-square-inch  plane  areas). 


deck,  supports,  and  ballast  weighed  497.7 
pounds,  making  the  total  weight  of  the 
specimen  1,062.6  pounds  as  compared  with 
1,059.6  pounds  before  the  deck  was  added. 

Figure  1  (p.  203)  shows  the  general  ap- 
pearance of  the  truss  with  the  deck  sections 
in  place.  In  the  foreground  may  be  seen 
the  electromagnetic  pickup  device  used  for 
recording  oscillation  amplitudes  in  this  part 
of  the  program.  In  figure  26  are  shown  the 
details  of  the  end  connection  of  one  deck 
section,  the  sliding  bearing  at  the  end  of 
the  adjacent  section,  and  the  manner  in 
which  the  ballast  weight  was  applied  to  the 
plates  over  the  support  points  so  that  there 
would  be  no  tendency  for  a  secondary  period 
of  vibration  to  develop  in  the  deck  sections 
as  the  truss  oscillated.  The  bronze  tipped 
legs  supporting  the  deck  sections  rested  in 
shallow  flat-bottomed  grooves  machined  in 
the  plates  that  were  bolted  to  the  truss. 
These  also  are  shown  in  figure  26. 

The  34-inch  section  in  the  center  of  the 
span  was  equipped  with  friction  shoes  at 
both  ends  rather  than  being  fastened  to  the 
truss  at  one  end  as  were  the  other  sections. 


Joint  openings  of  %  inch  between  sec- 
tions were  provided  to  insure  freedom  for 
longitudinal  movement. 

Air   damping   studied 

It  was  recognized  from  the  beginning  that 
in  all  of  the  tests  a  certain  amount  of  air 
damping  was  present.  However,  there  was 
evidence  that  it  contributed  only  in  a  small 
degree  to  the  overall  damping  for  which 
the  logarithmic  decrement  was  being  de- 
termined. 

With  the  .addition  of  a  relatively  large 
horizontal  area  such  as  was  represented  by 
the  plates  of  the  simulated  deck,  there  was 
reason  to  suspect  that  the  air  damping 
might  become  a  significant  component  of 
the  overall  damping  and  some  experiments 
were  made  to  determine  how  important 
this  influence  might  be. 

A  series  of  plates  of  %-inch  plywood 
were  attached  to  the  truss  as  a  replacement 
for  the  steel  plates  of  the  deck  system.  Each 
plywood  plate  was  attached  to  the  truss  at 
the  midlength  of  the  plate  and  the  plates 
were  separated  slightly  so  that  no  stiffen- 


ing effect  was  introduced.  The  total  area 
of  plywood  plates  was  the  same  as  that  of 
the  steel  deck.  The  total  weight  of  the 
plywood  was  16.75  pounds.  A  wooden  strip 
was  used  at  the  center  of  each  section  to 
support  it  and  to  raise  it  clear  of  the  steel 
of  the  truss. 

There  was  noticeable  fanning  of  the  air 
when  the  truss  oscillated,  particularly  where 
the  amplitudes  were  large.  By  generating 
chemical  smoke  underneath  the  truss,  the 
puffs  of  air  expelled  at  the  edges  of  the 
plates  were  made  quite  apparent. 

Amplitude  decay  curves  for  the  truss  with 
and  without  the  plywood  plates  attached 
are  compared  in  figure  27  with  a  similar 
relation  obtained  from  tests  of  the  truss 
with  the  steel  deck  sections  in  place.  It  is 
apparent  that  the  additional  air  resistance 
created  by  the  application  of  the  plywood 
plates  and  the  consequent  addition  of  ap- 
proximately 24  square  feet  to  the  frontal 
area  did  increase  the  overall  damping  to  a 
degree  that  could  be  measured,  although 
the  effect  was  relatively  small.  This  tends 
to  support  the  assumption  that,  in  the  case 
of  the  truss  without  a  deck,  air  resistance 
was  not  an  important  contributing  com- 
ponent to  the  damping. 

Damping  effect  of  deck 

With  the  steel  deck  sections  added  and 
Coulomb  friction  active  at  the  sliding  deck 
support  bearings,  the  increase  in  damping 
was  relatively  large  (fig.  27),  being  quite 
similar  to  the  effect  observed  with  the 
brakes  acting  at  the  ends  of  the  truss,  the 
magnitude  corresponding  approximately  to 
that  observed  with  a  braking  force  F„  =  70 
pounds. 

The  variation  of  logarithmic  decrement 
value  with  dynamic  fiber  stress  for  three 
deck  conditions  (no  deck,  plywood  plates, 
and  steel  deck  with  deck  support  friction) 
is  shown  in  figure  28.  As  in  other  graphs 
of  the  same  type,  the  high  stress  values 
measured  at  the  beginning  of  the  test  are 
at  the  right-hand  side  of  the  graph.  The 
decrement  values  were  computed  from 
measured  values  of  successive  amplitudes 
in  the  manner  previously  described,  and 
again  the  slight  scatter  of  the  points  on  the 
upper  curve  is  attributed  to  the  difficulty 
in  determining  decrement  values  precisely 
by  this  method  where  the  damping  rate  is 
high. 

In  figure  29  are  shown  logarithmic  decre- 
ment values  plotted  against  the  number  of 
oscillations  (or  time)  for  the  three  deck 
conditions  and  for  two  live-load  weight 
values  used  in  the  tests.  This  figure  is 
similar  to  figure  25  except  for  the  extent 
of  the  horizontal  scale. 

It  is  interesting  to  note  that  the  increase 
in  the  value  of  the  logarithmic  decrement 
with  decrease  in  vibration  amplitude  that 
was  observed  in  the  tests  with  the  friction 
brake  is4  present  also  in  these  data  from 
the  tests  with  the  steel  deck  in  place.  The 
upward  trend  of  the  decrement  values 
reaches  a  maximum  after  about  45  oscilla- 
tions with  the  smaller  live  load  and  after 
about    65   oscillations   with    the    larger   live 
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"igure    26. — Fixed    and    sliding    bearings    at    ends  of  steel  plates  of  simulated  deck  placed 

on    top   of  the   truss. 


load,  after  which  the  decrement  values  de- 
crease very  rapidly.  These  peak  values 
are  significant.  It  will  be  noted  from 
figure  27  that  after  65  oscillations  the  ampli- 
tude of  vibration  is  quite  small  (approxi- 
mately 0.1  inch  at  midspan).  When  the 
amplitude  decreases  to  this  value,  sliding  of 
the  friction  bearings  of  the  floor  system 
ceases  and  from  that  point   on  damping  is 


controlled  by  the   conditions   of   static    fric- 
tion. 

As  was  to  be  expected,  the  frequency  of 
oscillation  of  the  truss  changed  slightly  after 
the  steel  deck  sections  were  installed.  Also, 
it  was  found  that  the  change  in  frequency 
was  not  constant  but  tended  to  increase 
slightly  as  the  amplitude  became  smaller. 
For    example,    from    seven    tests    with    the 


larger  live  load  (26  weights  of  34.5  pounds 
each),  the  average  frequency  during  the 
first  150  oscillations  was  found  to  be  2.5913 
vibrations  per  second  while  the  average  for 
the  remaining  portion  of  the  records  was 
2.6275  vibrations  per  second.  Using  these 
values  to  evaluate  the  effect  of  the  deck  on 
truss  stiffness,  it  was  found  that  the  ap- 
parent moment  of  inertia  ranged  from  20.99 
inches  4  (average  for  the  first  150  oscilla- 
tions) to  21.58  inches4  (average  for  the  re- 
maining oscillations).  The  value  of  the 
moment  of  inertia  of  the  truss  without  the 
deck,  as  given  in  table  1,  is  20.7  inches4. 
From  these  comparisons  it  can  be  concluded 
that  the  effect  of  the  steel  deck  and  the 
forces  developed  at  the  sliding  shoes  of  the 
deck  sections  was  to  add  slightly  but 
measurably  to  the  stiffness  of  the  truss. 

Sliding  End  Bearings 

The  third  method  used  in  these  studies 
for  developing  external  Coulomb  friction 
was  the  substitution  of  sliding  bearings  for 
wheel  bearings  at  one  end  of  the  specimen. 
This  method  was  applied  both  to  the  bolted 
truss  and  to  the  H-section.  To  make  the 
desired  comparisons,  sliding  shoes  were  de- 
signed that  would  mount  on  the  same  cross 
shaft  that  normally  carried  the  ball-bear- 
ing wheels.  The  shoe  body  was  of  steel 
and  served  as  a  housing  for  a  self-alining 
ball  bearing  that  slipped  over  the  cross 
shaft.  The  lower  edge  of  this  steel  body 
was  faced  with  a  bronze  shoe  plate  splined 
to  it.  This  shoe  plate,  "3.0  inches  long 
and  0.6  inch  wide,  served  as  the  moving- 
friction    surface.      It    rested    on    a    finely 
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Figure  27. — Effect   of   variations  in   deck   condition   on    amplitude   decay    (36-foot,    10-inch    truss    loaded    with     26    weights,     each     of    34.5 
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222 


October  1953  •  PUBLIC    ROADS 


050 


040 


2  .030 
Id 

2 

UJ 

<r 
o 

UJ 
O 

O 

2 


a. 

< 

g  02 


010 


/ 

s 

— ^ — 

^                      1 

/ 

/ 
/ 
/ 
/ 
4 

/ 
/ 

0 

S 

^-. 

^ 

/ 
/ 
/ 

"5 

^4-sr* 

4  —  o — ° 

o 

^-O^" 

1 

^ 

1 

^ 

s 

^ 

^ 

— i 1 

Jf 

I 
1 

/ 

X 

S               s' 

u-         --     uj      ^/ri_i>*     i  rvuoo 

0 

i 

a             — ii      rLi  WUUU     rLAI  Lb 

0 — O    STEEL   DECK 

l 
1 

rS 

M 

S       sS0 

6 

A 

Y 

\ 

1000  2000  3000  4000  5000  6000  7000 

MAXIMUM    FIBER  STRESS-POUNDS  PER    SQUARE    INCH 


8000  9000 

(DYNAMIC  ONLY) 


10000 


1 1000 


Figure   28. —  Variation    of    logarithmic   decrement    with   fiber    stress   for    three    different    deck    conditions    (36-fool,    10-inch 
truss   loaded   with   26   weights,   each   of  34.5   pounds,   and   bolted    with    !\.4S    screws    at    45    inch-pounds    tightening    torque). 


finished  steel  plate  bolted  to  the  top  of  the 
concrete  support  pedestal.  Figure  30  shows 
a  pair  of  these  shoes  mounted  on  the  H-sec- 
tion.  The  self-alining  bearings  made  it 
possible  for  the  sliding  plates  to  remain  in 
flat  bearing  with  the  mating  surfaces  at  all 
times,  regardless  of  any  angular  motion 
that  might  develop  in  the  cross  shaft. 

A  number  of  tests  were  made  with  both 
types  of  end  bearing  with  both  the  truss 
and  H-section.  For  these  tests  both  the 
19.5-pound  and  the  34.5-pound  live-load 
weights  were  used.  Amplitude  decay  data 
were  obtained  and  from  these  logarithmic 
decrement  values  were  calculated.  The 
data  from  tests  with  the  34.5-pound  live- 
load  weights  are  compared  with  data  for 
other  test  conditions  in  figures  31  and  32. 
In  figure  32  the  two  lower  curves  show 
how  logarithmic  decrement  values  decreased 
where  the  specimens  were  mounted  on  ball- 
bearing wheels  and  the  end  bearing  friction 


is  small.  In  contrast,  where  end  bearings 
of  the  sliding  type  are  used  (without  lubri- 
cation) and  a  strong  damping  force  is  de- 
veloped by  dry  friction,  the  damping  in- 
creases with  amplitude  decrease,  rising  to 
a  maximum  at  the  25th  oscillation  in  the 
case  of  the  truss  and  at  the  30th  oscilla- 
tion in  the  case  of  the  H-beam,  after  which 
it  decreased  very  rapidly  to  a  value  well 
below  that  which  obtained  at  the  time  of 
the  first  oscillation.  As  in  the  case  of  the 
other  tests  with  external  Coulomb  fric- 
tion, these  maxima  occurred  at  midspan 
vibration  amplitudes  of  the  order  of  0.1 
inch  at  the  point  where  sliding  motion  of 
the  friction  surfaces  ceased. 

It  is  of  interest  to  compare  the  effect 
on  damping  of  the  friction  forces  developed 
by  the  mechanical  brakes  with  those  de- 
veloped by  the  sliding  end  bearings.  For 
this  purpose  the  dash  line  was  added  to  the 
other    data    in    figure    32.      The    similarity 


of  the  effects  of  the  external  resistance  de- 
rived from  dry  friction  in  the  two  cases  is 
apparent. 

Fortes   Developed  til   the   Sliding 
Bearings 

A  study  was  made  of  the  friction  forces 
developed  at  the  sliding  contact  of  the  bronze 
and  steel  plates  used  in  most  of  the  friction 
tests.  Information  on  the  character  and 
magnitude  of  these  forces  was  needed,  par 
ticularly  for  the  correlation  of  observed 
behavior  with  theory. 

To  obtain  this  information  an  apparatus 
was  designed  that  would  reproduce  as 
closely  as  possible  the  conditions  present 
in  the  friction  brake  used  at  the  end  frame 
of  the  truss,  and  at  the  same  time  would 
provide  means  for  measuring  the  horizontal 
forces    required   to    produce    sliding   of   the 


*  Se<*  reference,  footnote  1.  p.  203. 
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Figure  29. — Effect   of   variations   in   deck   condition   on    logarithmic    decrement  values   (36-foot,    10-inch   truss   bolted  with   ISAS  screws  at 

45  inch-pounds  tightening  torque). 


one  friction  surface  on  the  other.  The 
apparatus  is  shown  in  figure  33.  It  con- 
sists of  a  motor-driven  mechanism  that  pro- 
duces a  horizontal  translatory  motion 
closely  approximating  in  stroke  and  fre- 
quency that  of  the  friction  plates  in  the 
brake  on  the  truss.  This  motion  is  im- 
parted to  a  small  horizontal  plate  or  car- 
riage mounted  on  small  ball-bearing  wheels. 
Included  in  the  linkage  is  a  strain  gage 
dynamometer  component  to  measure  con- 
tinuously the  horizontal  resisting  force 
created  by  the  friction  plates.  On  the  car- 
riage mentioned  above  the  bronze  friction 
plate  was  fastened,  with  the  steel  friction 
plate  superimposed.  Vei-tical  pressure  be- 
tween the  two  was  developed  by  the  same 
lever  and  weights  used  in  the  friction  brake 
on  the  truss.  An  oscillograph  recorded  the 
entire  elastic  strain  cycle  as  the  dynamo- 
meter responded  to  the  resisting  forces  de- 
veloped between  the  two  friction  plates  in 
the  reciprocating  motion  to  which  they  were 
subjected. 

With  this  apparatus  it  was  possible  also 


Figure   30. — Sliding   end   bearings   substituted  for  wheel  bearings,  mounted  on  the 

H -section. 
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to  determine  the  resistance  to  horizontal 
motion  offered  by  the  ball-bearing  wheels 
used  to  support  one  end  of  the  truss,  H-sec- 
tion,  and  rectangular  bar  in  most  of  the 
tests.  A  reproduction  of  an  oscillographic 
record  of  tests  with  the  bronze  and  steel 
plate  combination  in  an  unlubricated  condi- 
tion and  with  the  ball-bearing  wheels  is 
shown  in  figure  34. 

From  a  series  of  tests  with  this  device  it 
was  found  that: 

1.  The  force  required  to  cause  the  steel 
plate  to  slide  over  the  bronze  plate  with  the 
reciprocating  motion  that  has  been  de- 
scribed varied  with  time  essentially  in  the 
form  of  a  square  wave,  as  shown  in  the 
lower  part  of  figure  34. 

2.  Once  sliding  began,  the  resistance  to 
motion  (or  the  coefficient  of  sliding  fric- 
tion) did  not  vary  with  the  velocity  of  the 
motion. 

3.  The  average  coefficient  of  sliding  fric- 
tion for  the  2-square-inch  steel  plate  on  the 
bronze  plate  in  an  unlubricated  condition 
was  found  to  be  0.131.  That  with  the  ball- 
bearing wheels  was  too  small  to  measure 
accurately. 

Tests  ivith   Riveted  Truss 

It  appeared  desirable  before  concluding 
the  investigation  to  make  some  tests  with 
the  truss  connections  riveted,  as  a  supple- 
ment to  the  tests  of  the  authorized  program, 
in  order  to  afford  comparisons  between  the 
damping  obtained  with  riveted  joints  and 
that  found  with  the  several  conditions  of 
bolted  connections. 

The  satisfactory  riveting  of  the  many  con- 
nections in  the  trussed  member  presented 
a  practical  problem  of  some  difficulty.  A 
considerable  amount  of  shop  experimenta- 
tion was  necessary  before  a  technique  was 
developed  that  produced  tight  rivets,  with 
well  formed  heads,  without  distorting  the 
thin  metal  of  the  truss  members.  The 
rivets  used  were  of  soft  iron,  had  an  aver- 
age clearance  in  the  reamed  holes  of  about 
0.001  inch  before  driving,  and  were  driven 
cold  with  a  small  air  hammer  operating  at 
about  40  p.s.i.  pressure.  Special  tools  were 
made  to  form  the  round  heads  and  the  length 
required  for  the  various  connections  was 
found  by  trial.  The  appearance  of  typical 
connections  is  shown  in  figure  35  and  the 
overall  appearance  of  the  trussed  member 
on  its  supports  is  shown  in  figure  36.  The 
truss  was  given  a  spray  coat  of  flat  white 
paint  after  riveting,  with  the  thought  that 
this  might  aid  in  detecting  movement  in 
the  joints  during  subsequent  testing.  The 
movements  proved  to  be  too  small  to  be 
detected  visually,  however. 

The  structural  testing  activities  of  the 
Bureau  of  Public  Roads  were  moved  to  a 
new  building  in  Fairfax  County,  Va.,  in 
1951.  Moving  of  the  testing  activities  to 
the  new  location  involved  the  casting  of  one 
new  end  pedestal,  the  dismantling  and  re- 
setting of  the  end  bearings,  and  other  opera- 
tions that  conceivably  might  cause  changes 
in  the  conditions  of  the  tests.     Since  it  was 
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Figure  31. — Comparative  effect  of  brake  friction  and  sliding  end  bearing 
friction  on  amplitude  decay. 


desired  to  make  comparisons  between  data 
obtained  with  the  riveted  truss  at  the  new 
location  and  data  obtained  with  the  bolted 
truss  at  the  old  location,  it  was  considered 
desirable  to  repeat  certain  tests  made  with 
the  H-section  in  the  early  part  of  the  pro- 
gram, to  establish'  the  magnitude  of  any 
effects  that  might  have  developed  as  a  re- 
sult of  moving  the  test  set-up. 

For  the  comparison,  tests  were  made  with 
both  the  19.5-pound  and  the  34.5-pound  live- 
load  weights.  All  details  of  the  original 
test  procedure  were  repeated  as  nearly  as 
was  possible.  Figure  37  shows  amplitude 
decay  curves  for  tests  with  the  34.5-pound 
live-load  weights  at  each  location,  with 
equations  derived  to  fit  each  set  of  experi- 
mental data.     It  will  be  observed  that  al- 


though the  initial  amplitudes  and  those 
after  500  oscillations  are  identical  there  is 
a  slight  but  definite  difference  between  the 
shapes  of  the  envelope  curves  between  these 
points.  The  equations  reflect  this  differ- 
ence. Whether  the  slightly  reduced  rate  of 
decay  at  intermediate  amplitudes  shown  in 
the  data  obtained  in  the  recent  tests  is  due 
to  reduced  friction  at  the  end  bearings  is 
not  known  but  it  seems  probable.  These 
bearings  were  cleaned  and  re-alined  when 
the  new  installation  was  made.  It  is  sig- 
nificant that,  whatever  the  cause,  exactly 
the  same  effect  was  found  in  the  tests  with 
the  19.5-pound  live-load  weights. 

The  self-damping  of  the  H-section  has 
proved  to  be  relatively  small  in  all  of  the 
tests  and  it  is  to  be  expected  that  the  slight 

225 


20  30 

NUMBER    OF    OSCILLATIONS 


Figure  32. — Effect  of  type  of  end  bearing  on  damping  of  truss  and  H-section,  excited  with  26  weights,  each  of  34. 5  pounds.    (Damping 

of  truss  with  friction    brake  included  for   comparison.) 


Figure   33. — Apparatus   used   to   evaluate   coefficient  of  friction    of  surfaces    used    in    brake   tests. 
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difference  in  the  shape  of  the  two  amplitude 
decay  curves  of  figure  37  would  be  reflected 
in  a  noticeable  difference  in  the  logarithmic 
decrement  values  at  the  intermediate  and 
higher  amplitudes.  That  such  a  difference 
exists  is  shown  by  the  decrement-stress  re- 
lations for  the  two  series  of  tests  as  shown 
in  figure  38.  It  is  well  to  keep  in  mind 
the  generally  low  order  of  magnitude  of  the 
decrement  values  for  the  H-section.  Differ- 
ences such  as  are  shown  in  figure  38  are  of 
relatively  small  significance  when  compar- 
ing data  from  tests  with  the  truss  in  either 
the  bolted  or  the  riveted  condition. 

Comparison   of  test  data 

Following  the  tests  with  the  H-section, 
the  riveted  truss  was  set  up  on  the  36-foot, 
10-inch  span  and  tested  with  both  the  19.5- 
pound  and  the  34.5-pound  live-load  weights, 
using  exactly  the  same  testing  procedure 
that  had  been  employed  in  the  earlier  tests 
with  the  bolted  truss.  Since  the  tests  with 
the  19.5-pound  weights  developed  no  infor- 
mation that  was  not  shown  by  the  tests 
with  the  34.5-pound  weights,  only  the  data 
from  the  latter  will  be  included  in  this 
report. 

It  was  found  in  the  early  tests  with  the 
truss  bolted  with  machine  screws  at  35  inch- 
pounds  of  torque  that  a  permanent  sag 
developed  in  the  member  as  a  result  of 
slight  movements  in  the  many  joints.  For 
the  bolted  truss  the  magnitude  of  this  sag 
at  midspan  was  1.09  inches.  Measurements 
made  during  the  testing  of  the  riveted  truss 
showed  the  sag  at  midspan  after  testing  to 
be  0.04  inch  or  about  4  percent  that  of 
the  bolted  truss.  Moment  of  inertia  values 
computed  from  the  measured  load-deflection 
characteristics  of  the  truss  were  20.7 
inches  *  when  bolted  and  20.6  inches  *  when 
riveted.  These  data  indicate  less  movement 
in  the  joints  of  the  riveted  truss  but  little 
or  no  change  in  its  stiffness. 

Logarithmic  decrement  values  computed 
from  amplitude  decay  data  for  the  riveted 
truss  are  shown  in  figure  39,  plotted 
against  dynamic  stress  values  obtained  by 
means    of    strain    measurements.     Similar 


Figure  34. — Relative  fric- 
tional  resistance  of  ball- 
bearing wheels  and  slid' 
ing  plate  during  cycles 
of  horizontal  motion. 


curves  for  the  truss  bolted  up  with  both 
the  No.  10-24  machine  screws  and  the  NAS 
screws,  as  well  as  that  from  tests  with 
the  H-section,  are  shown  in  the  same  figure 
for  comparison. 

It  is  indicated  by  the  comparisons  avail- 
able in  this  figure  that  while  reduced  move- 
ments in  the  joints  of  the  riveted  truss 
did  lower  appreciably  the  self-damping  of 
the  member  below  that  of  the  bolted  truss, 
particularly  at  higher  amplitudes  (and 
stresses),  it  still  showed  much  greater  self- 
damping  at  all  amplitudes  than  was  found 
for  the  comparable  solid  member  (H-sec- 
tion). 

A  test  of  a  riveted  chord  splice  in  tension 
failed  by  rupture  of  both  of  the  splice  plates 
in  the  grip.  No  failure  occurred  in  the 
riveted  splice  although  the  computed  unit 
stress  in  the  chord  angles  was  about  68,100 
p.s.i.  It  will  be  recalled  that  the  tension 
test  of  a  chord  splice  drawn  up  with  the 
NAS  screws  at  15  inch-pounds  torque  de- 
veloped failure  by  rupture  of  the  chord 
angles  through  the  first  bolt  hole  at  a  com- 
puted stress  in  the  angles  of  about  76,600 
p.s.i.  Data  from  the  test  of  the  riveted  splice 
are  included  in  table  3. 


Figure  35.— Appearance  of  riveted  connections  after  applying  spray  coat  of  flat  while  paint. 
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Figure   36. — General   appearance    of    riveted    truss    at    new    test    site. 
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Figure  37. — Comparison   of  amplitude  decay  curves   obtained  with   the  H -section   at  the   two   test   site*. 
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Comparative  Measurements  of 
Damping 


It  was  discovered  at  the  time  of  the  first 
tests  of  the  original  program  that  the  ver- 
tical oscillation  of  the  test  specimens  was 
responsive  to  very  small  amounts  of  friction 
in  the  recording  apparatus  at  midspan,  so 
care  was  taken  to  reduce  the  friction  of 
the  stylus  in  the  drum  recording  equipment 
to  a  minimum.  The  use  of  a  method  that 
yielded  direct  recordings  of  amplitude  at 
midspan  had  considerable  appeal  since  there 
could  be  no  doubt  of  the  extent  of  the  mo- 
tion that  it  was  desired  to  measure.  How- 
ever, it  was  realized  that  some  stylus  fric- 
tion was  always  present  and  the  effect  of 
this  could  not  be  readily  evaluated. 

Later,  when  equipment  became  available 
that  permitted  measurements  of  oscillation 
amplitude  without  physical  contact  with  the 
specimen,  it  was  felt  that  this  might  be  a 
better  method  for  obtaining  amplitude  decay 
data.  As  stated  earlier,  the  magnetic  re- 
luctance pickup,  having  been  designed  for 
another  purpose,  had  an  effective  range  of 
motion  that  was  too  small  for  measurements 
at  midspan  so  it  was  necessary  to  install 
it  near  one  reaction  and  to  establish  by 
test  the  proportionality  of  vertical  ampli- 
tudes there  with  those  at  midspan.  This 
was  done  by  simultaneous  measurements  at 
midspan  with  the  smoked  paper  on  the  drum 
and  measurements  near  the  rocker  reaction 
with  the  magnetic  cell.  A  good  general  pro- 
portionality was  found  to  exist.  Because 
of  the  amplification  l-equired  for  recordings 
with  the  magnetic  cell,  the  element  of  in- 
strumental performance  was  present  in 
these  data.  The  installation  of  this  unit 
at  the  new  test  site  is  shown  in  figure  40. 


The  question  of  determining  damping- 
characteristics  through  the  analysis  of  con- 
tinuous recordings  of  strain  was  discussed 
early  in  the  program.  At  that  time  suit- 
able equipment  was  not  available  and  ex- 
periments made  with  the  equipment  at  hand, 
while  encouraging,  showed  the  need  for  bet- 
ter instrumentation  if  the  subject  were  to 
be  investigated. 

Such  equipment,  acquired  for  other  pur- 
poses, was  available  at  the  time  of  the 
tests  with  the  riveted  truss  and  for  this 
reason  some  comparative  tests  were  made, 
both  with  the  H-section  and  with  the  riveted 
truss.  In  these  tests  simultaneous  meas- 
urements were  made  of  midspan  deflection 
with  smoked  drum  recording,  midspan  strain 
with  amplification  and  oscillograph  record- 
ing, and  of  deflection  amplitudes  at  a  point 
about  14  inches  from  one  end  reaction  using 
a  magnetic  reluctance  pickup  and  oscillo- 
graph recording.  From  each  of  these 
records  amplitude  decay  curves  were  ob- 
tained and  logarithmic  decrement  values 
computed.  The  computed  logarithmic 
decrement  values  plotted  against  a  num- 
ber-of-oscillation  (or  time)  scale  are  shown 
for  both  specimens  and  for  the  three  types 
of  recorded  data  in  figure  41.  Consider- 
ing the  variables  that  are  involved  in  the 
recording  and  reducing  of  the  data  ob- 
tained in  this  study,  it  is  considered  that  a 
rather  good  correlation  was  obtained.  Curi- 
ously, the  lowest  decrement  values  were 
consistently  those  derived  from  data  ob- 
tained with  the  direct  recording  by  means 
of  the  stylus  on  the  smoked  drum.  This 
suggests  the  possibility  that  characteristics 
of  the  electrical  amplification  circuits  em- 
ployed in  the  other  two  recording  systems 
may  have  been  responsible  for  such  dis- 
persion as  is  shown. 


Some   Comparisons   of   Experimental 
Data  with   Theory 


In  the  paper  published  previously "  there 
was  a  discussion  of  the  motions  which  oc- 
curred at  the  friction  surfaces  where  the 
self-damping  of  the  truss  was  augmented  by 
dry  friction  externally  applied.  This  dis- 
cussion was  a  part  of  the  theoretical  devel- 
opment preliminary  to  obtaining  compari- 
sons between  theoretical  and  observed  rela- 
tions of  vibration  amplitude  versus  damping- 
capacity  as  measured  by  values  of  loga- 
rithmic decrement.  Subsequent  work  done, 
as  one  of  the  supplemental  investigations 
previously  mentioned,  yielded  information 
of  value  regarding  this  relation.' 

Measurements  were  made  of  the  transla- 
tor^ and  rotational  movements  at  the  two 
ends  of  the  H-section  as  caused  by  the  re- 
lease of  the  26  weights  of  34.5  pounds  each, 
symmetrically  arranged  at  uniform  spacing. 
Under  the  conditions  of  these  tests  the 
tendency  for  translatory  movement  at  the 
end  supports  is  the  result  of  two  separate 
deformations,  both  of  which  vary  as  the 
beam  vibrates.  In  the  first  place,  the  de- 
flection of  a  beam  that  is  simply  supported 
is  accompanied  by  a  shortening  of  its  upper 
fibers  under  compression  and  a  lengthening 
of  its  lower  fibers  under  tension.  This  is 
reflected  in  a  rotational  motion  of  the  trans- 
verse sections  immediately  over  the  sup- 
ports. In  the  present  case  the  beam  had 
considerable  depth  and  the  supports  were 
below  the  neutral  axis  so  that  the  rotation 


lee  footnote  1,  p.  203. 

7  Joseph  H.  Appleton,  Assistant  Structural  Engi- 
neer, participated  in  the  conduct  of  this  portion  of  the 
program  of  supplementary  tests.  His  assistance  is 
gratefully  acknowledged. 
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Figure  39. — Variation  of  logarithmic  decrement  with  fiber  stress  for  the  truss  and  H -section    (36-foot,   10-inch  span 

with    26   weights,   each   of  34,5   pounds). 
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of  the  end  sections  developed  a  tendency 
for  translatory  motion  at  the  end  supports. 
Secondly,  any  change  in  the  vertical  deflec- 
tion of  the  beam  is  accompanied  by  a  change 
in  the  length  of  the  chord  between  the  two 
ends  of  the  neutral  axis.  This  also  causes 
a  tendency  for  translation  at  the  end  sup- 
ports. Since  at  the  rocker  bearing  there 
was  restraint  against  longitudinal  motion, 
all  of  the  translatory  motion  at  the  sup- 
ports had  to  take  place  at  the  wheel  bearing 
end  of  the  beam. 

The  theoretical  movements,  both  rota- 
tional and  translatory,  were  computed  for 
the  particular  conditions  of  these  tests  and 
were  compared  with  motions  as  measured 
with  dial  micrometers.  The  comparison  is 
shown  in  table  5. 

Having  obtained  a  satisfactory  correla- 
tion for  the  H-section,  a  study  was  made  of 
the  movements  that  would  occur  at  the 
ends  of  the  bolted  truss,  particularly  at 
the  position  of  the  friction  surfaces  used  in 
the  tests  with  the  friction  brakes.  Since 
the  damping  capacity  depends  directly  upon 
the  extent  of  the  movement  at  these  sur- 
faces, it  was  desirable  that  a  rather  pre- 
cise comparison  be  made.  This  led  to  a 
study  of  the  effect  of  the  sag  of  the  truss, 
which  has  been  mentioned  before,  on  the 
motions  that  would  occur  if  the  sag  were 
not  present.  The  magnitudes  of  the  move- 
ments were  computed,  both  with  and  with- 
out a  correction  for  sag,  and  from  these 
logarithmic  decrement  values  for  various 
amplitudes  were  obtained,  as  shown  in 
figure  42.  The  results  are  compared  with 
a  similar  relation  obtained  from  measured 
amplitude  and  logarithmic  decrement  values. 

It  is  apparent  that  the  sag  present  in 
the  bolted  truss  was  sufficient  to  have  a 
measurable  effect  on  the  computed  value 
of  damping  capacity.  It  is  indicated  also 
that  when  a  correction  for  sag  is  introduced 
there  is  somewhat  better  agreement  between 
the  computed  and  observed  data  shown  in 
this  graph.  Furthermore,  this  figure  shows 
a  good  correlation  between  the  observed  be- 
havior of  the  truss  with  strong  Coulomb 
damping  and  that  predicted  by  theory  for 
the  same  conditions. 


Figure    40. — Magnetic    reluctance    pickup    device  located  about  14  inches  from  the  rocker 

end  bearing  on  the  riveted  truss. 

Table  5. — Comparison  of  computed  and  observed  rotational  and   translatory 
movements   at   end    supports 


End  rotation: 

Rocker  end radians. 

Wheel-bearing  end do .  .  . 

Translation,  resultant  outward,  at  axis  of  wheel  bearing inch . 

Translation,  resultant  inward,  at  end  of  neutral  axis: 

Rocker  end do . . . 

Wheel-bearing  end do.  . 


Computed 
movement 


0.0149 
0.0149 
0.053 

0.061 
0.008 


Observed 
movement 


0.0147 
0.0148 
0.054 

0.061 
0.007 


(Figs.  Ul  and  42  are  on  the  following  pages.) 
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Figure    41 Comparative    logarithmic    decrement    values   obtained  with  three   methods  of  measurement 
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Results  of  Physical  Tests  of  Road-Building  Aggregate:  a  new  bulletin 


The  Bureau  of  Public  Roads  has  recently 
published  a  new  bulletin,  Results  of  Physical 
Tests  of  Road-Building  Aggregate,  which 
reports  the  results  of  tests  performed  by  the 
Bureau's  laboratory  on  more  than  9,700 
samples  of  ledge  rock,  crushed  stone,  gravel, 
and  blast-furnace  or  smelter  slag,  and  more 
than  3,400  samples  of  natural  or  manufac- 
tured fine  aggregate,  received  from  sources 
all  over  the  United  States.  The  bulletin  is 
available  from  the  Superintendent  of  Docu- 
ments, U.  S.  Government  Printing  Office, 
Washington  25,  D.  C,  at  $1.00  a  copy. 

Since  the  value  of  material  for  use  as  ag- 
gregate in  road  construction  depends  largely 
on  the  extent  to  which  it  will  resist  the  de- 
structive forces  of  traffic  and  weather,  and 
on  its  ability  to  exist  in  harmony  with  other 
materials    with    which    it   is   used,   the   test 


data  reported  in  this  bulletin  serve,  to  some 
extent,  as  measures  of  these  qualities.  Thus, 
for  engineers  and  contractors,  the  bulletin 
will  be  a  useful  guide  on  the  availability  and 
suitability  for  highway  construction  of  local 
coarse  and  fine  aggregates. 

A  brief  introductory  text  in  the  bulletin 
reports  the  nature  of  the  tests  performed 
and  describes  the  rocks  and  minerals  men- 
tioned in  the  tables.  Results  of  tests  on 
coarse  and  fine  aggregates  are  tabulated 
separately,  and  are  arranged  in  alphabetical 
order  by  State,  county,  and  nearest  town. 
The  type  of  source  is  indicated  as  commer- 
cial, local,  or  prospective. 

For  both  coarse  and  fine  aggregates,  the 
bulletin  reports  the  name  or  lithological  com- 
position of  the  material,  and  results  of  tests 
of  bulk  gravity,  absorption,  and  soundness. 


In  addition,  for  coarse  aggregate,  test  re- 
sults of  abrasive  loss,  crushing  strength, 
hardness,  toughness,  and  weight  of  com- 
pacted aggregate  are  reported;  for  fine  ag- 
gregate, test  results  of  grading,  fineness 
modulus  organic  matter  content,  and  mortar 
strength  are  shown.  All  tests  were  not  per- 
formed on  all  samples,  however. 

The  tests  reported  in  Results  of  Physical 
Tests  of  Road-Building  Aggregate  cover  the 
work  of  the  Bureau  of  Public  Roads  in  this 
field  over  the  56-year  period  from  1895  to 
January  1,  1951.  The  bulletin  supersedes 
and  supplements  U.  S.  Department  of  Agri- 
culture Miscellaneous  Publication  No.  76, 
The  Results  of  Physical  Tests  of  Road- 
Building  Rock,  published  in  1930  and  long 
out  of  print. 
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A  list  of  the  more  important  articles  in 
Public  Roads  may  be  obtained  upon  request 
addressed  to  Bureau  of  Public  Roads,  Washing- 
ton  25,   D.   C. 


PUBLICATIONS 
of  the  Bureau  of  Public  Roads 


The  folloicing  publications  are  sold  by  the  Superintendent 
of  Documents,  Government  Printing  Office.  Washington  25. 
D.  C.  Orders  should  be  sent  direct  to  the  Superintendent  of 
Documents.      Prepayment    is    required. 
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MAPS 
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STATUS  OF  FEDERAL-AID  HIGHWAY  PROGRAM 

AS  OF  AUGUST  31,  1953 
(Thousand  Dollars) 

STATE 

UNPROG  RAMMED 
BALANCES 

ACTIVE     PROGRAM 

PROGRAMMED  ONLY 

PLANS  APPROVED. 
CONSTRUCTION  NOT  STARTED 

CONSTRUCTION  UNDER  WAY 

TOTAL 

Total 
Cost 

FederaJ 
Funds 

Miles 

Total 
Cost 

Federal 
Funds 

Miles 

Total 
Cost 

Funds 

Miles 

Total 
Cost 

Federal 
Funds 

Miles 

Alabama 
Arizona 
Arkansas 

j'5,550 
1,273 

4,073 

$19,283 

3,1*01* 
12,089 

$9,395 
2,379 
6,765 

305.6 
76.6 
363.5 

ill, 062 
1,322 
3,177 

15,511 

918 
1,592 

201*. 2 

29.7 

105.6 

$37,922 
6,367 

11,579 

$19,1+68 
1*,529 

5,711* 

474.8 
89.0 

284.1 

$68,272 
11,093 
27,645 

$34,874 
7,826 

14,071 

984.6 

195.3 
753.2 

California 
Colorado 
Connecticut 

2,1*2 

6,959 

12,975 
6,1*31 
1,902 

1*,729 
3,61*2 
1,003 

61+. 8 

150.7 

3-6 

6,831+ 

3,633 

1.75 

3,671+ 
2,052 

2P 

1*8.1 

63.8 

•  3 

105,081+ 
16,796 
12,501+ 

52,207 
9,086 
6,150 

317.3 

170.0 

35-5 

121*,  893 
26,860 

14,861 

60,610 

14,780 

7,388 

1*30.2 

364.5 
39* 

Delaware 

Florida 
Georgia 

2,010 
4,682 
7,1*62 

605 
16,1*59 
17,137 

305 

,:■■ 
8,800 

.0 
255.2 
1+1+C.2 

1,179 
7,035 
8,1+83 

589 
3,309 
4,018 

7.6 
127.6 
152.0 

3,51*7 
17,639 
33,997 

1,766 

8,891* 

16,259 

It. 5 
239-5 
487.5 

5,331 
41,133 
59,617 

2,660 
21,062 
29,077 

22.9 

622.3 

1,079.7 

Idaho 

Illinois 

Indiana 

2,831* 

9,006 

10,511* 

9,581* 
30,775 
36,255 

6,003 
16,570 
13,682 

169.1+ 
li*.  0 
161.6 

3,31*3 

19,701+ 

6*27 

2,097 

10,531. 

3,221 

66.5 
117* 

50:0 

11,333 
70,029 
27,253 

7,513 
36, 210 

14,350 

21*2-5 
594.7 
148 . . 

2i*,760 

120,508 

69,935 

15,613 
63,314 
36*53 

478* 
856.1 
360* 

Iowa 

Kansas 

Kentucky 

2,779 
i*,i*i*5 
3,313 

l"r,776 

9,315 
11,968 

8,105 
i+,65i+ 

6,188 

368.5 
8U5.2 
133* 

6,651 
7,350 

5,213 

4,133 
3,693 
2,609 

272.7 
396.7 
101* 

18, 021. 
17,993 
23,112 

8,651+ 
12,010 

27.7 
794.5 
300.6 

39*53 
34,658 
40,298 

21,319 
17,001 
20,807 

1*68.9 

2,036* 

535* 

Louisiana 

Maine 

Maryland 

1,735 

958 

8,210 

21,097 
7,831* 
8,117 

10,577 
3,931 
1*,232 

139.6 
60.5 
70.5 

3*1+6 
2,591 
3,71+3 

1,721 
1,278 
1,717 

17.7 
27.6 
27-3 

26,521* 

13,300 

6,168 

12,829 
6*31* 
3,567 

137-6 
81.2 
35* 

51,067 
23,725 
18,028 

25,127 

11,643 

9,516 

291*. 9 
169.3 
133-2 

Massachusetts 

Michigan 

Minnesota 

3,268 
6,71*6 
it, 155 

16,293 
23,1*18 
11,981 

8,21+1 

12,299 
6,1*6° 

21+.6 
1+15.2 
920.1+ 

3,071+ 

12,068 

3.691 

1,525 
6,060 
2,065 

l+.l 
261.0 
280.3 

1+0,11+3 
53,131 
21,268 

19,133 
22,903 
ii,338 

34.6 
294* 
706.6 

59,510 
88,617 
36,940 

28,899 
41,262 
19,872 

63.3 

970.6 

1,907.5 

Mississippi 

Missouri 

Montana 

'■,  ■■■■ 
3,952 
7.561* 

15,91*1 
15,850 
10.935 

8,061+ 

8,193 
6,732 

1*1*3.2 
705.5 

196.2 

3,863 
l+,099 
1+.51+5 

1,822 
2,058 

161.6 

111.2 

98.2 

22,009 
56*15 
l6,3!+0 

11,21*2 

27,363 

9,91*3 

637.5 
528.6 

279-3 

41, 813 
76,364 
31,820 

21,128 
38,114 
19*84 

1,242.3 

1,345.3 

573-7 

Nebraska 

Nevada 

New  Hampshire 

13,11*7 
l*,899 
2,592 

13,110 
3,877 
2,627 

7,008 
3,21+6 
1.307 

51*1* 
71.2 
13.1 

2,183 
1+38 
721 

1,31+6 
367 

360 

1*7.7 
7.3 
5.5 

11,810 
1*,752 
6.236 

6,51*5 
3,91*0 
3,237 

257.7 

104.2 

36* 

27,103 
9,067 

9,564 

14,899 
7,553 
i*,904 

846.8 

183.2 

55.0 

New  Jersey 
New  Mexico 
New  York 

3,332 

1,132 

23.536 

7,782 

2,760 

79.128 

3,891 

1,727 

1+0.598 

61.6 

51*. 1 

111*. 2 

7,819 

3,610 

28.798 

3,722 

2,288 

11*.  681 

8.6 
93.0 

125* 

26,506 

6,828 

11*8,271 

12,686 
4,329 

68*38 

25.0 

153* 
435.9 

42,107 

13,198 

256,197 

20,299 

8,344 

123,717 

95-2 
300.5 
675.5 

North  Carolina 
North  Dakota 
Ohio 

6,251* 
2,532 
7.686 

19,1*05 

1*,908 

17, 161 

9,1+22 
2,1+68 
7,899 

365.9 
823.9 
116.6 

5,761+ 
2,1+70 

rV-1'-' 

2,726 

1,235 

4,995 

122.1 

352.2 

36.2 

28,359 
10,920 
95,299 

13,587 

5,638 

47,120 

497.6 
781.6 

149.6 

53,523 

16,298 
122,276 

25,735 

9,341 

60,014 

985.6 

1,957-7 

302.4 

Oklahoma 

Oregon 

Pennsylvania 

8,791 
3,288 
5,168 

11,197 

809 

3l*,  211 

6,263 

1+33 
15,578 

156.9 
16.2 
32.2 

l+,200 

1,11*1 

28,881* 

2,216 

677 
13,770 

'■•l.o 
1+6.8 
66.8 

16*79 
ll*,112 
91,052 

8,665 

8,541 

45,239 

201*.  0 
202.9 
236.3 

31,   76 

16,062 

154,147 

17,11+1* 

9,651 

74,637 

451.9 
265.9 
335-3 

Rhode  Island 
South  Carolina 
South  Dakota 

1,91*1* 

2,881 

688 

3,277 

11,501+ 

8,279 

1,638 
6,310 
1+.781+ 

31.9 
307.8 
1*97-6 

161 
2,313 

l*,02l* 

80 
1,162 
2,250 

120.7 
227.8 

9,831 

16,613 

3,316 

4,912 
8*15 
4,901 

22.2 
318.7 

429* 

13,269 
30*30 
20,619 

6,630 
15,887 
11,935 

54.1 

747.2 

1,154.8 

Tennessee 

Texas 

Utah 

4*55 

11,800 

1*92 

10,61*3 
6,607 
3,026 

5,301 
3,509 

2,311+ 

363* 
125.7 

1+7-1 

10,633 

12,785 

2,513 

6,007 
6,71+6 
1,870 

323.6 

385.9 

50.0 

32,201 
59,893 
13,268 

14,151 
33,306 
10,051 

238.9 
820.9 
174.1 

53*77 
79,285 
18,807 

25*59 
43,561 
14,235 

925.9 

1,332.5 

271.: 

Vermont 

Virginia 
Washington 

61U 

965 

1,01+7 

l*,0ol 

ll»,0l8 

9,937 

2,16 

5,990 

5,11+6 

1+1.8 
202.8 
130.3 

1*18 
9,009 
3,017 

286 

i+,36o 
1,51+5 

1.6 

101.9 

86.7 

32,876 

17,203 

4,522 

15,960 

9,206 

62.4 
241.6 
135.6 

13,582 
55,903 
30,157 

6,968 
26,310 
15,897 

105.8 
51+6.3 
352.6 

West  Virginia 

Wisconsin 

Wyoming 

3,872    . 
3,1*69 
691* 

8,1*00 

11,671* 

l,96o 

1*,227 
6,268 

1.21*2 

1+1+.0 

190.1 
1+8.0 

4,615 
4,383 

1,7     '■': 

2,1*31 
2,31+1 

ljlj/. 

29.2 

119* 

59.9 

15,61*9 

36,792 

8.636 

7,84l 

18,677 

5,696 

112.8 

415.3 
167.6 

28,864 
52,849 
12,321 

14*99 

27,286 

8,054 

186.0 
724.8 
275-5 

Hawaii 

District  o(  Columbia 

Puerto  Rico 

1,027 
3.693 

3,21*8 
7,783 
10,385 

1,590 

3,651* 
1+.761 

7.8 

6.0 

51.2 

161 

4,653 
1*29 

81 

2,131 

700 

.6 

.2 

6.7 

11,667 
10,091* 
ll*,755 

5,625 
4,742 
7,045 

18.5 
3.5 

47.9 

15,076 
22,535 
26,569 

7,296 
10,527 
12,506 

26.9 

9.7 

105.8 

TOTAL 

235,155 

61*7,033 

333,751 

10,921.6 

290,896 

151,23!* 

5,21*9-9 

1,1+26,1+78 

720,203 

14,050* 

2,364*07 

1,205,188 

30,221.9 
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Trends  in  Traffic  Volumes, 

Vehicle  Types,  and  Weights 


BY  THE  HIGHWAY  TRANSPORT  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


Reported    by 

THOMAS   B.    DIMMICK, 

Head,  Current  Data  Analysis  Unit 


Total  travel  on  all  rural  roads  in  1952 
broke  all  records,  exceeding  the  1951  pre- 
vious high  by  more  than  6  percent.  On  the 
361.000  miles  of  main  rural  roads  in  the 
United  States,  travel  in  1952  was  a  little  more 
than  203  billion  vehicle-miles,  of  which  77 
percent  was  by  passenger  cars,  1  percent 
by  buses,  and  22  percent  by  freight-carrying 
vehicles. 

Trucks  and  combinations  hauled  3  percent 
more  ton-mileage  of  freight  on  main  rural 
roads  in  1952  than  in  1951.  Single-unit 
truck  travel  was  11  percent  higher  than  in 
1951  while  that  of  combinations  increased 
only  2  percent.  The  average  carried  load  for 
all  trucks  and  combinations  in  1952  de- 
creased slightly. 

In  1952  over  5  percent  of  all  trucks  and 
combinations  exceeded  a  State  legal  weight 
limit,  and  more  than  15  percent  of  the.  com- 
binations were  illegally  overloaded  in  some 
particular.  In  comparison  with  1951  the  per- 
centage of  overweight  vehicles  for  1952  re- 
mained the  same  in  the  West  South  Central 
States,  and  increased  in  all  other  regions  ex- 
cept Middle  Atlantic,  East  North  Central,  and 
West  North  Central  States. 

RURAL  MOTOR  VEHICLE  TRAVEL  broke 
all  previous  records  in  1952  for  the  seventh 
consecutive  year.  The  estimated  1952  traffic  on  all 
rural  roads  was  about  6  percent  above  the  1951 
total,  18  percent  above  1950,  28  percent  above 
1949,  40  percent  above  1948,  49  percent  above 
1947,  and  63  percent  above  1946.  Data  collected 
from  January  through  August  in  1953  indicate 
that  travel  on  all  rural  roads  in  1953  will  continue 
the  same  general  trend  and  will  be  almost  5  per- 
cent higher  than  in   1952. 

The  variation  in  average  daily  travel  on  rural 
roads  by  months  in  the  three  main  geographic 
divisions  l  and  in  the  United  States  as  a  whole  is 
illustrated  in  figure  1  for  the  years  1951,  1952,  and 
the  first  8  months  of  1953.  Travel  in  each  month 
of  these  years  in  the  Central  region  and  in  the 
United  States  as  a  whole  was  well  above  that 
of  the  corresponding  month  of  the  earlier  year. 
The  Eastern  regions  showed  only  a  slight  gain  in 
September  1952  compared  to   1951,  but  a  fairly 
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1  The  States  comprising  each  census  region  and  the 
regions  comprising  each  geographic  division  are  indi- 
cated  in  table  1. 
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Figure  1. — Travel  on  all  rural  roads  in  1951,  1952,  and  in 
the  first  8  months  of  1953. 

steady  gain  in  all  other  months.  The  Western  ber  of  1952  compared  to  that  in  the  same  months 
regions  "showed  only  slight  gains  in  travel  in  of  the  previous  year  and  fairly  steady  gains  in  all 
January,  February,  March,  October,  and  Novem-       other  months. 
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itely  the  same  rate  of  increase  in  1953 
L952  by   data  collected  in  the 

first  I  the  current  year.   The  partial  1953 

idicated  an  increase  of  over  5  per- 
i      region  and  slightly  less  than  5 
ent   .n  the  Central  and   Western  Stales.  The 
large-  ■  d  increase  over  1952  in  any  census 

region  was  10  percent  in  New  England  and  the 
smallest  was  2  percent  in  the  West  South  Cen- 
tral  region. 

Summer  travel  constituted  a  smaller  portion 
of  the  annual  travel  in  1952  than  in  any  recent 
year.  In  the  last  two  prewar  years  (1940  and 
1941),  the  average  daily  traffic  in  July  and  August 
was  23  percent  above  the  average  traffic  of  the 
year.  Not  until  1949  did  the  summer  travel  reach 
the  prewar  ratio.  In  1950  the  average  daily  sum- 
mer travel  was  over  24  percent  above  the  annual 
average  daily  amount,  but  this  figure  slumped  to 
22  percent  in  the  1951  summer  season  and  to 
21  percent  in  1952. 

Figure  2,  showing  travel  on  all  rural  roads  by 
12-month  periods  ending  each  month  (moving 
average)  and  as  a  percentage  of  that  in  the 
calendar  year  1941,  gives  an  accurate  picture  of  the 
effect  of  wartime  restrictions  and  the  steady 
traffic  growth  that  has  occurred  since  the  end  of 
hostilities  in  the  summer  of  1945.  The  increase  in 
traffic  from  the  end  of  1946  to  the  present  has 
averaged  slightly  more  than  8  percent  compounded 
annually.  From  these  data  it  is  apparent  that 
the  general  pattern  of  traffic  growth  is  being  main- 


tained but  with  some  slackening  in  the  rate  be- 
ginning in  1952. 

The  lower  portion  of  figure  2,  showing  the 
relation  of  travel  by  12-month  periods  in  each  of 
the  main  geographical  regions  of  the  United 
States  to  that  in  the  calendar  year  1941,  shows 
clearly  how  much  travel  was  shifted  westward 
during  the  war  period,  1942  to  1946.  The  spread 
between  the  curves  for  the  three  regions  remained 
fairly  constant  during  1947  and  1948,  was  reduced 
slightly  during  1949  and  1950,  and  was  sharply 
reduced  in  the  first  three  months  of  1952.  In  the 
latter  portion  of  1952.  and  the  portion  of  1953 
shown,  travel  in  the  Western  States  seems  to  be 
resuming  its  position  in  relation  to  that  in  the 
Central  and  Eastern  States. 

1952  Summer  Loadometer  Survey 

The  check  survey  in  the  summer  of  1952  was 
conducted  in  all  respects  like  those  of  1942  to 
1951,  inclusive.  The  manner  of  collecting  and 
analyzing  the  data  in  conjunction  with  that  ob- 
tained in  previous  years  has  been  completely  de- 
scribed previously.  2  The  1952  survey  period,  num- 
ber of  stations  operated,  number  of  vehicles 
counted,  and  the  number  of  trucks  and  truck 
combinations  weighed  are  shown  for  each  State 
in  table  1. 


-  See  previous  annual  articles  on  traffic  in  Public 
Roads:  vol.  27,  No.  6;  vol.  26,  Nos.  5  and  11;  vol.  25, 
Nos.  3,  7.  and  12  ;  vol.  24,  No.  10  ;  and  vol.  23,  No.  9. 


Traffic  Continues  to  Increase 

Figure  3  shows  in  chart  form  the  vehicle- 
mileage  of  travel  on  all  rural  roads,  by  vehicle 
types,  for  each  year  from  1936  to  1952  inclusive. 
It  is  apparent  that  the  drastic  restrictions  on  travel 
during  the  war  period,  1942—45,  caused  but  a 
temporary  dip  in  traffic  growth  and  that  the  1952 
vehicle-mileage  was  higher  than  would  have 
been  estimated  by  any  rational  projection  of  the 
prewar  trend.  A  straight  line  from  the  top  of 
the  bar  for  1936  to  the  top  of  the  bar  for  1952 
passes  through  the  top  of  the  bar  for  1937  and  for 
1941,  but  lies  above  the  tops  of  the  bars  for  all 
other  years.  This  line  indicates  an  average  (sim- 
ple) annual  increase  during  the  16  years  of  more 
than  7.8  percent  of  the  1936  traffic.  During  the 
period  1946  to  1952,  inclusive,  the  average  rate  of 
increase  was  higher  than  in  the  earlier  period  1936 
to  1941.  From  1946  to  1952  total  travel  increased 
an  average  amount  of  more  than  10.4  percent  of 
the  1946  figure.  The  increase  in  1952  over  1951 
was  below  the  average  for  the  period,  but  it  is 
probably  too  early  to  speculate  whether  this 
smaller  rate  of  increase  indicates  a  leveling-off 
in  the  trend. 

Travel  by  trucks  and  truck  combinations  and 
by  truck  combinations  alone  increased  in  a 
manner  very  similar  to  that  observed  for  all 
vehicles.  In  both  cases  the  straight  line,  repre- 
senting the  average  rate  of  increase  from  1936  to 
1952,   generally  lies   above   the   tops  of  the   bars 


VEH 
ALL 
PER 

CLI 
RU 
0D< 

-M 

RAL 

LES 
R0 

JOIN 

OF 
ADS 
G    E 

TR 
BY 
AO 

WEI 
12- 
MC 

ON 
M0S 

TH" 
1 

ieo 

160 

o 

H  "40 

u. 

< 

H  120 

O 

-  100 
b. 
O 

id    BO 

''* 

.• 

*~* 

,»•" 

"' 

.-- 

*" 

•' 

*"' 

^. 

--H 

..* 

4»* 

"• 

•* 

... 

* 

.  • 

.• 

•  •' 

•• 

*— " 

-~ 

*"' 

y 

4 
/ 

•^ 

ym 

i 

.. 

r. 

<«•*' 

-~ 

.>• 

--■ 

^ 

'v: 

>>> 

w. 

'' 

/ 
/ 
t 

y 

<»*" 

- 

— 

\ 

< 

z    60 

\ 

N 

•> 

.^ 

•-. 

— 

►-_ 

f»» 

T7 

.-• 

m,* 

s 

y 

/ 

\ 

\ 

■t 

TRA 
NG 
Of  1 

941 

FFIC 

EA< 

rRAI 

BY 

FC 

;h  » 

FIC 
GE 

R    1 
«0N 
F0 
)GR 

2-M 

rH, 

APS 

ONT 
AS   J 
<E  C 
IC 

1  p 

1  pf 

ALE 
REC 

ER'C 
RCE 

not 

ION 

DS 
NT 
R    1 

s 

END 
VGE 
'EAF 

- 

o 
<r 
UJ    40 

UNA 

r 

-.. 

— • 



' 

O  PC 

RCE» 

a. 
20 

l   RC 

AD  TRAFFIC    FOR    THE    TEAR  1941-10 
•^•^-  EASTERN    REGIONS 
•  ••••••   CENTRAL    REGIONS 

—•»«•  —  •  WESTERN   REGIONS 

T 

0 

300 


280 


260 


> 

< 

fX 

240  I- 

U. 

o 

IaJ  .,-. 
-J  z 

200  2  2 


180    j  - 


160    -I 

< 

Z 
140    2 

< 


120 


100 


OMJSDMJSOMJSDMJSOMJSOMJSDMJSDMJSDMJSDMJSD 
1944      |       1945      |       1946      |       1947      |      1948       |       1949      |       1950       |        1951       |       1952       I      1953      I 
LAST  MONTH  OF  12-MONTH  PERIOD 

m  all  rural  roads  by  12-month  periods  ending  each  month,  in  vehicle-miles  and  as  a  percentage 
of  traffic  in  the  calendar  year  1941. 


236 


December    1953    •    PUBLIC   ROADS 


for  intervening  years,  thus  showing  the  acceler- 
ated upward  trend  in  travel  by  these  heavier 
vehicles.  This  trend  is  emphasized  by  data  given  in 
other  portions  of  this  report. 

Travel  Increases 

The  State  system  of  highways  in  most  States 
is  composed  of  the  main  rural  roads,  or  those  on 
a  connected  system  carrying  the  heaviest  traffic. 
In  such  States  as  North  Carolina,  Pennsylvania, 
and  Virginia,  where  all  or  a  large  part  of  the 
rural  mileage  is  under  State  control,  only  the 
primary  roads  are  included  in  this  report  as  a 
part  of  the  "main"  system  of  highways  of  the 
country.  These  main  roads,  comprising  nearly 
361,000  miles,  include  12  percent  of  the  total 
rural  mileage  but  carry  73  percent  of  the  total 
rural  traffic.  Because  of  the  greater  importance 
of  these  highways,  from  a  traffic  standpoint,  most 
of  the  current  traffic  data  were  collected  at  points 
on  them,  and  the  remainder  of  this  report  will  be 
concerned  only  with  information  concerning  this 
portion  of  the  road  mileage. 

The  data  summarized  for  1951  and  1952  in  this 
report  include,  for  the  first  time,  the  amount  of 
travel  on  the  toll  roads  of  the  country.  Although 
the  total  vehicle-miles  of  travel  on  the  five  major 
toll  roads  in  these  2  years  amounted  to  less  than 
1  percent  of  the  total  on  all  main  roads,  the  mile- 
age of  toll  roads  is  increasing  at  such  a  rate  that 
the  omission  of  their  traffic  would  soon  result  in 
an  incomplete  picture  of  total  traffic. 

Although  traffic  on  all  rural  roads  increased 
over  6  percent,  as  mentioned  before,  travel  on  the 
main  roads  alone  increased  at  a  slightly  higher 
rate  or  almost  7  percent.  The  ratio  of  traffic  vol- 
umes on  main  rural  roads  in  1952  to  correspond- 
ing volumes  in  the  previous  year  is  shown  in 
table  2.  This  table  inSicates  that  travel  in  1952 
on  the  main  highways  was  higher  in  every  region 
than  in  1951.  However,  comparison  with  a  simi- 
lar table  comparing  1951  with  1950  shows  that 
the  rate  of  increase  for  the  United  States  as  a 
whole  and  for  all  areas  except  the  Middle  Atlantic 
and  the  Mountain  regions  was  less  than  in  the 
previous  year.  The  rate  of  increase  in  travel  of 
local  passenger  cars  was  considerably  less  than 
in  1951,  and  the  rate  of  foreign  (out-of-State) 
passenger  cars  and  of  truck  combinations  was 
only  slightly  higher.  Travel  by  buses  on  main 
rural  roads  was  less  in  1952  than  in  the 
previous  year.  The  rate  of  increase  of  all  pas- 
senger car  travel   in    1952   was  greater   than    the 

1951  rate  in  the  Middle  Atlantic  and  Mountain 
regions,  remained  the  same  in  the  East  North 
Central  and  Pacific  regions,  and  was  less  in  all 
other  regions.  The  rate  of  increase  of  all  types  of 
truck  combinations  was  less  in  the  Middle  Atlan- 
tic, the  East  North  Central,  the  East  South  Cen- 
tral, the  West  South  Central,  and  Pacific  regions. 
Foreign  travel  decreased  in  volume  from  1951  to 

1952  in  New  England,  Middle  Atlantic,  and  West 
South  Central  and  bus  travel  decreased  in  New 
England,  Middle  Atlantic,  East  South  Central, 
West  North  Central,  and  Mountain  regions. 

The  increase  in  travel  by  passenger  cars 
amounted  to  6  percent  compared  to  8  percent  for 
freight-carrying  vehicles,  and  the  increase  in  travel 
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by  single-unit  trucks  in  1952  was  11  percent  while 
that  by  truck  combinations  was  2  percent. 

The  percentage  of  travel  by  vehicle  types  on 
main  rural  roads  in  1952  is  given  in  table  3.  In 
this  table  all  single-unit  trucks  are  divided  into 
classification   types   based   on    the   axle   and   tire 


arrangements,  while  the  truck  combinations  are 
i  lassified  according  to  the  total  number  of  axles 
ol  the  combination.  The  classification  of  vehicles 
into  these  types  has  been  used  in  the  last  6  an- 
nual surveys  and  has  been  found  to  have  numerous 
advantages  over  the  original  "light,  medium,  and 


Table    1 Survey  period,  number  of  stations   operated,   number  of   vehicles   counted,   and 

number  weighed  in  each  State  in  the  special  weight  surveys,  summer  of  1952 


Region  and  State 

Survey  period 

Number 
of  stations 

Total 
vehicles 
counted 

Trucks  and  truck 
combinations 

Counted 

Weighed 

New  England : 
Connecticut. 
Maine  . 

July  30-Aug.  IS 

10 

9 

10 

36,121 

42,428 

111,089 

6,455 

7,571 
14,085 

1,766 
3,401 
4.514 

Massachusetts . 
New  Hampshire 

July  14-Aug.  13_ 
No  survey . 

Rhode  Island  . 
Vermont 

July  16-Aug.  9  . 
July  21-July  30_ 

4 
5 

10,173 
8,739 

2,160 
756 

863 
756 

Subtotal 

38 

208,550 

31.027 

11,300 

July  14-July  29. 

Middle  Atlantic: 
New  Jersev 

10 
~~13 

85,783 
~~~82,012 

13,524 
15,923 

1.676 
2,235 

Pennsylvania 

July  14-Sept.  3. 

23 

167,795 

29,447 

3,911 

Aug.  7-Aug.  21 
No  survey 
Aug.  18-Sept.  30_ 
June  16-July  18, 
Aug.  8-Dec.  8 
Sept.  8-Sept.  19 
Aug.  5-Aug.  22 
Aug.  12-Sept.  3, 

South  Atlantic: 
Delaware 
Florida 
Georgia 
Maryland- 

8 

15 
10 
9 

10 
5 
9 

27,165 

37,816 

118,818 

21,059 

20.822 

14,224 
14,841 

5,499 

~"l0,077 
24,361 
3,939 
5,255 
3,873 
3.479 

852 

4.856 
4.175 
3,100 
2.088 
2,383 
1,418 

66 

254,745 

56,483 

18,872 

127 

631,090 

116,957 

34,083 

East  North  Central : 

20 

9 

10 

20 

56,330 

31,113 

29,791 

117,882 

13,204 
6,529 
5,166 

18,150 

Aug.  4-Sept.  6 

June  3-July  9 
July  15-July  31  . 
July  1-Sept.  30  .   - 

5.200 
2.082 
1.272 
4,132 

Michigan 
Ohio     . 

59 

235,116 

43.049 

12.686 

July  1 5-Aug.  19- 
July  9  Aug.  13 

East  South  Central: 
Alabama 
Kentucky 

10 

10 

15 

8 

30,716 
36.307 
58,430 
10,433 

6.7.09 

8,746 

15,903 

3,229 

5.965 
4,039 
7,070 
1,740 

June  3-July  18 

Sept.  3-Sept.  18- 

Tennessee 

43 

135,886 

34,587 

18,814 

July  21-Aug.  13 
June  6-July  25 
June  16-July  3 
July  28-Aug.  27. 
July  17-Aug.  22- 
July  7-Aug.  29  _ 
June  1-Aug.  31 

West  North  Central : 

Kansas 

Minnesota 

10 
10 
14 
22 
20 
19 
18 

29,657 
12,685 
20,787 
201,680 
27,303 
36,072 
29,263 

5.836 
2,893 
3,484 

38.959 
5.441 
7,407 
4,977 

5,789 
450 
1.121 
13.031 
5,365 
2.804 
4.112 

Nebraska 

113 

357,447 

68,997 

32.672 

Aug.  1-Aug.  19- 

Aug.  4-Aug.  15 

July  9-Aug.  8 

June  1-Aug.  31 

West  South  Central : 

10 
10 
10 
20 

20,263 

13,290 

35.633 

114,525 

6.311 
3,922 
7,231 

23,940 

1.450 
1,898 

6,008 
6.284 

50 

183,711 

41,404 

15.140 

265 

912,160 

I  88. IIM7 

79,312 

July  14  July  25 

July  7-Aug.  29 

Sept.  8  Oct.  7 

July  30  Aug.  31  _     _     . 

Aug.  5-Aug.  28 

Aug.  4-Aug.  18 

July  21-Aug.  8      

Aug.  8-Aug.  29 

Mountain : 

10 
13 
13 
11 
10 
10 
10 
10 

11,775 
•24.813 
21,465 
•;n  mm 
8,470 
16,170 
21,596 
14,634 

2,554 
3.766 
4,703 
5,866 
1.245 
3.625 
3,827 
2.812 

1.165 

806 

2.249 

2.932 

986 

1.508 

1,165 

670 

87 

148,926 

27,888 

11.480 

Pacific : 

June  4-Aug.  13 

Aug.  6-Aug.  21 

June9-Oct.  6 

10 

7 

10 

»  24,441 
19,816 
67,270 

4,485 

4.177 

11.168 

1,959 
1,468 
6,262 

27 

111,527 

19,830 

9,689 

114 

260,453 

47,718 

21,169 

506 

1,803,703 

352,712 

134,564 

l  Passenger  cars  n»t  counted ;  figure  given  is  an  estimate  based  on  data  from  other  reports. 
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ing,  particularly  in  that  it  provides 
more  homogeneous  groupings  and  more  positive 
idem  of  the  types. 

in  table  3  indicate  that  truck  and 
k  combination  travel  in  1952  was  more  than 
20  percent  of  the  total  travel  in  all  but  the  New 
England.  Middle  Atlantic,  and  Pacific  regions. 
It  was  between  20  and  25  percent  in  all  remain- 
ing regions  except  the  East  South  Central  and 
West  South  Central  regions  where  it  was  over 
25  percent. 

A  comparison  with  the  same  table  in  the  1951 
report  shows  that  the  proportion  of  trucks  was 
higher  in  1952  than  in  1951  in  the  New  England, 
South  Atlantic,  West  South  Central,  Mountain, 
and  Pacific  regions  and  lower  in  the  other  regions, 
although  slightly  higher  in  the  United  States  as 
a  whole. 

Table  3  indicates  also  that  the  usage  of  certain 
types  of  freight-carrying  vehicles  varies  in  differ- 
ent sections.  For  instance,  the  truck-tractor  and 
semitrailer  with  five  or  more  axles  and  the  truck 
and  trailer  with  six  or  more  axles  are  used  far 
more  frequently  in  the  Pacific  region  than  in  any 
other  area.  Truck  and  trailer  combinations  are 
used  much  less  in  the  East  South  Central  region 
and  in  the  three  eastern  regions  than  in  other 
sections.  The  percentage  of  combination-type  ve- 
hicles, nation-wide,  was  6.49  percent,  a  slight  de- 
crease from  the  1951  figure  of  6.71  percent.  Simi- 
lar percentage  figures  in  recent  years  were  7.21 
percent  in  1950,  5.95  in  1949,  and  5.84  in  1948. 

The  average  weights  of  loaded  and  empty 
trucks  and  truck  combinations  are  shown  in  fig- 
ure 4  for  each  year  from  1942  to  1952,  inclusive, 
and  for  a  prewar  year,  generally  1936  or  1937. 
The  weights  of  single-unit  trucks,  both  loaded 
and  empty,  increased  each  year  from  the  1936— 
37  period  through  1945,  then  leveled  off  around 
11,000  pounds  for  loaded  vehicles  and  slightly 
less  than  6.000  pounds  for  empty  vehicles.  At  the 
same  time  weights  of  truck  combinations,  both 
loaded  and  empty,  have  increased  each  year  dur- 
ing the  period  shown.  The  increase  in  average 
weight  of  loaded  combinations  from  the  1936-37 
period  to  1952  was  over  63  percent  compared  to 
(  nly  about  14  percent  for  single-unit  trucks. 

Table  4  gives  the  average  weight  of  loaded  and 
of  empty  trucks  and  truck  combinations  separately 
by  types  in  each  region  and  in  the  United  States 
as  a  whole.  This  table  brings  out  clearly  the  im- 
portant differences  that  exist  in  the  weight  char- 
acteristics of  the  vehicles  in  different  groups.  It 
will  be  noted,  for  example,  that   for  the  United 


Figure  3, — Travel  on  all  rural  roads,  1936-52,  by  classes  of  vehicles. 


States  as  a  whole,  the  loaded  three-axle,   single-       ences   existed    throughout    the   various   classifica- 


unit  trucks  weighed  a  little  more  than  twice  as 
much  as  the  two-axle,  six-tire  trucks.  The  latter, 
in  turn,  weighed  a  little  more  than  twite  as  much 
as   the  two-axle,   four-tire  trucks.    Similar  differ- 


tions.  On  the  other  hand,  the  regional  differences 
in  average  weight  for  each  of  the  vehicle  types 
that  are  common  throughout  the  country  are  sur- 
prisingly small.    The  rather  low  weights  of  truck 


Table  2. — Rat 

io  of  1952  traffic  on  main  rura 

1  roads 

to  corresponding  traffic 

in  1951 

Vehicle  type 

Eastern  regions  J 

Central  regions 

Western  regions  2 

United 
States 
aver- 
age l 

New 
England 

Middle 
Atlantic 

South 
Atlantic 

Aver- 
age 

East 
North 
Central 

East 
South 
Central 

West 
North 
Central 

West 

South 

Central 

Aver- 
age 

Moun- 
tain 

Pacific 

Aver- 
age 

Passenger  cars : 
Local . 

1.08 
.98 
1.05 

1.12 
1.13 
1.12 

.97 

1.06 

1.10 

.99 

1.08 

1.03 

.96 

1.00 

.90 

1.06 

1.01 
1.14 
1.04 

1.20 
1.12 
1.17 

1.04 

1.07 

1.06 
1.07 
1.06 

1.12 
1.05 
1.10 

.98 

1.07 

1.07 
1.03 
1.06 

1.12 

.91 

1.03 

1.00 

1.05 

1.18 
1.01 
1.12 

1.02 
1.01 
1.01 

.95 

1.09 

1.04 
1.15 
1.06 

.95 
1.19 

l.i.l 

.95 
1.05 

1.04 

.98 

1.03 

1.11 
1.05 
1.09 

1.13 

1.04 

1.07 
1.04 
1.06 

1.06 
1.01 
1.04 

1.01 

1.06 

.98 
1.27 
1.09 

1.33 

1.28 
1.32 

.84 

1.14 

1.08 
1.01 
1.07 

1.17 

.94 

1.09 

1.01 

1.07 

1.05 
1.17 
1.08 

1.24 

1.04 

1.18 

.95 
1.09 

1.06 
1.07 
1.06 

1.11 
1.02 
1.08 

.99 

1.07 

Foreign 

All  passenger  cars. 

Trucks  and  truck  combinations : 
Single-unit  trucks 

Truck  combinations 

All  trucks  and  combinations 

All  Vehicles. 

1  Includes  toll  road  vehicle-mileage  for  Maine,  New  Hampshire,  New  Jersey,  and  Pennsylvania. 
•  includes  vehicle-mileage  for  1952  on  the  Denver-Boulder  toll  road,  opened  Jan.  1952. 
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Table  3. — Percentage  disiribut 

on  of  travel,  by  vehicle  lype,  on  main 

rural  roads  in  the  summer  of  1952 

Vehicle  type 

Eastern  regions 

Central  regions 

Western  regions 

United 
States 
average 

New 
England 

Middle 
Atlantic 

South 
Atlantic 

Aver- 
age 

East 
North 
Central 

East 

South 

Central 

West 
North 
Central 

West 
South 
Central 

Aver- 
age 

Moun- 
tain 

Pacific 

Aver- 
age 

Passenger  tars  : 
Local 

62.67 
20.49 
83.16 

4.49 
.80 

5.92 

.36 

11.57 

3.63 
.49 
t1) 

4.12 

.02 

66.36 
13.49 
79.85 

3.74 
1.32 
7.26 

.47 
12.79 

4.96 

1.58 

.02 

6.56 

.01 
.02 

.03 

6.59 

19.38 

.77 

100.00 

56.38 
20.47 
76.85 

8.21 
.57 

6.31 

.76 

15.85 

3.27 

2.92 

.03 

6.22 

.04 

.04 

6.26 

22.11 

1.04 

100.00 

61.15 

17.73 
78.88 

5.95 

.90 

6.63 

14.07 

3.99 

2.07 

.02 

6.08 

.02 
.01 

.03 

6.11 

20.18 

.94 

100.00 

56.68 
22.29 
78.97 

5.73 
.32 

6.28 

.42 

12.75 

3.36 

3.42 

.21 

6.99 

.19 
.34 

.07 
.60 

7.59 

20.34 

.69 

100.00 

50.06 
22.21 

72.27 

10.17 

.39 

9.62 

.48 

20.66 

4.31 

1.47 

.03 

5.81 

(]) 

(!) 

5.81 

26.47 

1.26 

100.00 

61.62 
78.17 

6.45 
.53 

7.45 

.24 

14.67 

2.71 

3.12 

.50 

6.33 

.18 
.01 

.19 

6.52 

21.19 

.64 

100.00 

60.01 
13.38 
73.39 

11.09 

.39 

7.08 

.15 

18.71 

3.80 

2.73 

.09 

6.62. 

.33 

.01 

.34 

6.96 

25.67 

.94 

100.00 

57.67 
18.72 

7.89 
.40 

7.25 

.32 

15.86 

3.46 

2.89 

.22 

6.57 

.19 
.13 
.03 
.35 

6.92 

22.78 

.83 

100.00 

41.40 
33.35 

74.75 

10.85 

.84 

6.65 

.73 

19.07 

1.34 
1.12 
1.79 
4.25 

.31 

.68 

.24 

1.23 

5.48 

24.55 

.70 

1.00.00 

69.19 
10.68 
79.87 

6.12 
1.25 
4.55 
1.01 
12.93 

.78 

.88 

2.90 

4.56 

.27 

.69 

.82 

1.78 

6.34 

19.27 

86 

100.00 

58.64 
19.29 
77.93 

7.92 

1.09 

5.35 

.90 

15.26 

.99 

.97 

2.48 

4.44' 

.29 

.68 

.60 

1.57 

6.01 

21.27 

.80 
100.00 

59  <"> 
18.49 
77.49 

7.25 

.68 

6.72 

.51 
15.16 

3.21 

2.29 

.54 

6.04 

.15 
.18 
.12 
.45 

6.49 

21.65 

.86 

100.00 

Foreign 

All  passenger  cars 

Single-unit  trucks: 
Panel  and  pickup 
Other  2-axIe,  4-tire_ 

Other  2-axle,  6-tire, 

3-axle 

All  single-unit  trucks 

Truck-tractor  and  semitrailer  combinations: 
3-axle 

All    truck-tractor    and    semitrailer    combina- 

Truck  and  trailer  combinations: 
4-axle  or  less 

6-axle  or  more- 

All  truck  and  trailer  combinations. 

All  combinations 

.02 

4.14 

15.71 

1.13 

100.00 

All  trucks  and  truck  combinations      . 

Buses 

All  Vehicles 

1  Less  than  0.005  percent. 


and  trailer  combinations  in  the  West  North  Cen- 
tral region  indicate  a  predominance  of  small  home- 
made trailers  of  low  capacity. 

Truck  Trewel  Increases 

Figure   5   shows   the   estimated   vehicle-mileage 
of  travel   by  loaded  and  empty   single-unit  trucks 


and  truck  combinations  on  main  rural  roads  for 
each  year,  1936  to  1952,  inclusive.  This  chart 
demonstrates  graphically  the  steady  growth  of 
truck  traffic  during  the  prewar  years  1936—41,  the 
temporary  effect  of  wartime  restrictions  in  the 
period  1942-45,  and  (he  remarkable  increases  in 
truck  transportation  that  have  occurred  since  the 
end  of  hostilities  in  1945. 


Table  5  gives  comparisons  of  the  estimated 
vehicle-mileage  of  travel  by  vehicles  of  different 
types  on  all  main  rural  roads  in  1936,  the  earliest 
year  for  which  comprehensive  travel  and  weight 
data  are  available;  in  1941,  the  peak  prewar  year, 
5  years  after  the  beginning  of  the  surveys;  in 
1946,  10  years  after  the  beginning  of  the  surveys; 
in  1951,  15  years  after  the  beginning  of  the  sur- 
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Figure  4.— Average  weights  of  loaded  and  empty  trucks  and  truck  combinations  in  the  summers  of  1942-52  and  a  pretvar  year. 
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t  (in  pounds)   of  loaded  and  empty  trucks   and  truck  combinations,  by  vehicle   types,  in  the  summer  of   1952 


Vehicle  type 


Eastern  regions 


Central  regions 


New 
England 


Middle 
Atlantic 


South        Aver- 
Atlantic        age 


East  East 

North        South 
Central     Central 


West 
North 
Central 


West 
South 
Central 


Aver- 
age 


Western  regions 


Moun-      _  '  ._         Aver- 
tain         Paclfic         age 


United 
States 
average 


Average  Weights  of  Loaded  Vehicles 


Single-unit  trucks  : 

1  and  pickup 

Other  2-axle,  4-tire 

Other  2-axle.  6  tire 

3-axk  

Average 

Truck  combinations  : 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average 

Average,  all  trucks  and  combinations 


5,198 

5,284 

5,270 

5,263 

6,856 

6,205 

7,154 

6,727 

14,554 

16,212 

13,911 

14,940 

30,492 

38,562 

30.188 

32.604 

11,726 

14,064 

11,646 

12,540 

40,180 

41.425 

40,315 

40,753 

(!) 

(1) 

(1) 

40,100 

41,475 

40,315 

40,766 

20,583 

25,487 

22,841 

23,583 

5,151 

6,460 

13,135 

28,013 

10,316 


40,412 
62,804 
41,851 

23,376 


5,292 
6,755 

14,947 
28,303 
11,990 


37,613 

(!) 
37,614 

19,931 


5,271 

7,513 

14,195 

27,575 

10,856 


41,407 
28,785 
41,110 

21,212 


6,470 

7,295 

13,852 

31,756 

10,129 


41,129 
32,265 

40,727 

21,265 


5,615 

7,006 

13.864 

28,493 

10,643 


40,489 
51,017 
40,949 

21.883 


5,160 

7,087 

14,655 

31,294 

10,261 


47,516 
66,767 
50,846 

21,982 


4,797 

6,357 

13,295 

29,500 

11,083 


57.269 
63,441 

58,824 

30,401 


4,979 

6,560 

13,868 

29,916 

10,730 


54,025 
64,223 
56,342 

27,143 


5,397 

6,757 

14,204 

30,378 

11,189 


42,699 
59,647 
43,816 

23,409 


Average  Weights  of  Empty  Vehicles 


Single-unit  trucks : 

Panel  and  pickup 

Other  2-axle,  4-tire 

Other  2-axle,  6-tire 

3-axle 

Average 

Truck  combinations  : 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average : 1_ 

Average,  all  trucks  and  combinations 


4,309 

4,271 

3,965 

4,066 

4.122 

3,973 

4,213 

4,639 

4,294 

4,015 

3,963 

3,990 

5,280 

4,555 

5,388 

4,793 

4,786 

4,865 

5,358 

5,412 

5,155 

5,182 

4,984 

5,046 

8,813 

8,741 

7.788 

8,335 

8,090 

7,651 

8,225 

8,281 

8,068 

8,065 

8,032 

8,051 

15,307 

16,170 

13,024 

14,194 

13,144 

11,322 

14,477 

12,362 

12,796 

16,541 

15,953 

16,239 

6,590 

6,857 

5,473 

6,063 

6,094 

5,522 

6,103 

5,887 

5,889 

5,644 

5,514 

5,582 

21,987 

20,976 

20,228 

20,724 

20,960 

16,123 

21,277 

20,642 

20,162 

24,598 

24,898 

24,741 

(M 

(!) 

f1) 

(!) 

26,230 

(!) 

16.948 

16,212 

19,742 

29,941 

29,602 

29,752 

21.940 

21,001 

20,196 

20,713 

21,551 

16,125 

21,103 

20,399 

20,135 

26,511 

26,948 

26,733 

9,693 

10,574 

8,187 

9,217 

10,829 

7,182 

9,946 

8,607 

9,111 

8,587 

8,981 

8,773 

4,172 
4,941 
8,160 
14,189 
5,903 


20,660 
24,682 
20,976 

9,101 


1  Data  omitted  because  of  insufficient  sample. 


Table   5. — Comparison    of    estimated    vehicle-miles  of  travel  on  main  rural  roads  in  1936, 

1941,  1946,  1951,  and  1952 


Year 

All 
vehicles, 
vehicle- 
miles 

Passenger  cars  and 
buses  t 

All  trucks  and  truck 
combinations 

Single-unit  trucks 

Truck  combinations 

Percent- 
age of  all 
vehicles 

Vehicle- 
miles 

Percent- 
age of  all 
vehicles 

Vehicle- 
miles 

Percent- 
age of  all 
trucks 
and 
truck 
combina- 
tions 

Vehicle- 
miles 

Percent- 
age of  all 
trucks 
and 
truck 
combina- 
tions 

Vehicle- 
miles 

1936- 

1941 
1941:    1936   ratio 

1946 
1946:    1941    ratio 
1946:    1936   ratio 

1951  2 

1952. 
1952:    1951    ratio 
1952:   1941    ratio. 
1952:    1936   ratio. 

Millions 
88,412 

122,505 
1.S9 

124,149 
1.01 
1.40 

190,549 

203,101 
1.07 
1.66 
2.30 

82.6 
80.3 
.97 
80.4 
1.00 
.97 
78.6 
78.4 
1.00 
.98 
.95 

Millions 
73,005 
98,320 

1.35 

99,803 

1.02 

1.37 

149,811 

159,132 

1.06 

1.62 

2.18 

17.4 

19.7 
1.13 

19.6 
.99 
1.13 

21.4 

21.6 
1.01 
1.10 
1.24 

Millions 
15,407 
24,185 

1.57 

24,346 

1.01 

1.58 

40,738 

43,969 

1.08 

1.82 

2.85 

82.1 
78.8 

.96 
73.3 
.93 
.89 
68.4 
70.0 
1.02 
.89 
.85 

Millions 
12,650 
19,057 

1.51 

17,838 

.94 

1.41 

27,851 

30,782 

1.11 

1.62 

2.4S 

17.9 

21.2 
1.18 

26.7 
1.26 
1.49 

31.6 

30.0 
.95 
1.42 
1.68 

Millions 
2,757 
5,128 
1.86 
6,508 
1.27 
2.36 
12,887 
13,187 
1.02 
2.57 
4.78 

l  Percentages  of  total  1952  travel  by  passenger  cars  and  by  buses  are  reported  separately  in  table  3. 
-  Includes   vehicle-miles   of   travel  on   toll   roads   not   previously   reported. 

Table    6. — Comparison    of   estimated    percentage  of  trucks  loaded,  average  carried  load,  and 
ton-miles  carried  on  main  rural  roads  in  1936,  1941,  1946,  1951,  and  1952 


Year 


1936 

1941 

1941:    1936    ratio, 
1946 

1941    ratio. 
1936 
1951  i 
1952 

1951    ratio  . 
1941    ratio 
1936  ratio. 


1946: 
1946: 


1952: 
1952: 


All  truck  and  truck 
combinations 


Per- 
centage 
loaded 


Average 
weight 

of 

carried 

load 


62.8 
66.7 

1.06 
51.7 
.78 
■  .82 
55.2 
54.0 
.98 
.81 
.86 


Tons 
2.90 
3.64 
1.26 
4.84 
l.SS 
1.67 
5.68 
5.56 
.98 
1.53 
1.92 


Ton- 
miles 
carried 


Millions 
28,005 
58,737 

2.10 

60,892 

1.04 

2.17 

127,605 

132,009 

1.03 

2.25 

4.71 


Single-unit  trucks 


Per- 
centage 
loaded 


Average 
weight 

of 

carried 

load 


Ton- 
miles 
carried 


Truck  combinations 


Per- 
centage 
loaded 


Average 
weight 

of 

carried 

load 


Ton- 
miles 
carried 


Tons 

60.7 

1.86 

65.4 

2.29 

1.08 

1.23 

46.4 

2.31 

.71 

1.01 

.76 

1.24 

48.8 

2.31 

48.3 

2.34 

.99 

1.01 

.74 

1.02 

.80 

1.26 

Millions 

Tons 

14,258 

72.2 

6.90 

28,487 

71.6 

8.23 

2.00 

.99 

1.19 

19,101 

66.2 

9.70 

.67 

.92 

1.18 

1.34 

.92 

1.41 

31,440 

68.9 

10.83 

34,736 

67.5 

10.93 

1.10 

.98 

1.01 

1.22 

■  94 

1.33 

i.4i 

.93 

1.58 

Millions 
13,747 
30,250 

2.20 

41,791 

1.38 

3.04 

96,165 

97,274 

1.01 

3.22 

7.08 


l  Includes  ton-m:  on  toll  roads  not  previously  reported. 


veys;  and  1952,  the  16th  full  year  of  estimates. 
The  ratios  of  1952  travel  to  that  of  preceding 
years  indicate  that  increases  for  trucks  and  truck 
combinations  were  greater  than  for  passenger  cars 
for  all  years  shown,  a  fact  found  to  be  true  in 
most  years.  The  increase  of  truck-combination 
travel  in  1952  over  that  in  1951  was  less  than  the 
increase  of  single-unit  truck  travel  in  the  same 
period,  but  over  the  longer  periods  the  increase 
of  travel  by  truck  combinations  far  exceeds  that 
by  single-unit  trucks.  In  the  17  years  from  1936 
to  1952,  passenger  car  and  bus  travel  combined 
increased  118  percent,  travel  by  all  trucks  and 
combinations  increased  185  percent,  while  travel 
by  truck  combinations  (considered  separately)  in- 
creased 378  percent,  being  almost  5  times  as 
great  in  1952  as  in  1936. 

Volume  of  Highway  Freight 

Figure  6  gives  a  comparison  of  the  average 
load  carried  by  loaded  single-unit  trucks  and 
truck  combinations,  separately  and  combined,  in 
the  17  years  that  the  planning  surveys  have  been 
operating.  The  general  trend  of  load  weights  was 
upward  throughout  the  period.  From  1945  to  1951 
the  slight  decline  in  the  weights  of  loads  carried 
by  single-unit  trucks  was  more  than  offset  by  the 
increased  use  of  combinations  and  heavier  weights 
of  loads  carried  by  vehicles  of  this  type.  In  1952, 
however,  the  slightly  smaller  proportion  of  com- 
binations resulted  in  a  small  decline  in  the  aver- 
age weight  of  carried  load  for  all  trucks  and 
combinations. 

Figure  7  shows  for  each  year  from  1936  through 
1952,  the  ton-mileage  of  freight  carried  by  trucks 
and  truck  combinations  on  main  rural  roads.  The 
chart  demonstrates  clearly  that  truck  combinations 
are  now  transporting  a  much  larger  proportion 
of  the  total  amount   of  highway  freight   than   in 
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Figure  5. — Travel  on  main  rural  roads,  1936-52,  by  loaded  and  by  empty  trucks  and  truck  combinations. 


the  earlier  years.  In  1936  the  truck  combinations 
hauled  slightly  less  ton-mileage  than  the  single- 
unit  trucks,  while  in  1952  they  hauled  almost  3 
times  the  amount  transported  by  the  larger  num- 
ber of  lighter1  vehfcles.  The  rapid  rate  of  annual 
increase  in  total  freight  carried,  which  took  place 
in  1946  and  1947,  was  reduced  somewhat  in  1948 
and  1949  to  a  rate  more  nearly  comparable  with 
that  of  prewar  years.  In  1950,  however,  there 
was  a  startling  increase  in  freight  ton-mileage 
somewhat  similar  to  the  rise  that  occurred  in 
1941.  In  1951  and  1952,  the  rate  of  increase  re- 
turned to  one  closely  comparable  with  the  prewar 
trend. 

In  table  6  are  shown  comparisons  for  1952  with 
corresponding  items  for  other  years  as  in  table 
5,  of  the  percentage  of  vehicles  carrying  loads, 
the  average  carried  load,  and  the  ton-mileage 
carried  for  single-unit  trucks  and  for  truck  com- 
binations, separately  and  combined.  The  trend 
from  1936  to  1952  of  average  weight  carried, 
shown  graphically  in  figure  6,  and  that  of  the 
ton-mileage  transported  during  the  same  period, 
shown  in  figure  7,  have  already  been  discussed. 

The  percentage  of  truck  and  truck  combinations 
carrying  loads  decreased  slightly  from  1951  to 
1952  in  the  United  States  as  a  whole,  and  in  all 
regions  except  the  New  England,  East  North 
Central,  West  North  Central,  and  Mountain  re- 
gions where  slight  increases  were  found.  In  the 
country  as  a  whole,  the  percentage  loaded  de- 
creased from  55.2  percent  in  1951  to  54.0  percent 
in  1952.  Both  for  single-unit  trucks  and  for  truck 
combinations,  the  percentage  loaded  was  lower 
in  1952  than  in  1951,  but  higher  than  in  1946. 
The  loaded  proportion  continued  to  be  consider- 
ably less  for  the  single-unit  vehicles  and  slightly 
less  for  the  truck  combinations  than  in  the  pre- 
war surveys. 

Table  7  gives  a  detailed  comparison  of  the  per- 
centage of  vehicle-miles  of  travel,  percentage  of 
vehicles  loaded,  average  carried  load,  and  per- 
centage of  total  ton-miles  of  freight  carried  by 
the  various  types  of  trucks  and  truck  combinations 
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traveling  on  main  rural  roads  in  1951  and  1952.  freight-carrying  standpoint  of  different  portions 
Interesting  comparisons  can  be  made  from  this  of  the  traffic  stream.  In  1952,  for  instance,  while 
table    showing    the    relative    importance    from    a       panel  and  pickup  trucks  traveled  over  33  percent 
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Figure  7. — Ton-miles  carried  by  trucks  and  truck  combinations  on  main 
rural  roads,  1936-52. 


of  the  vehicle-mileage,  they  accounted  for  less 
tlian  3  percent  of  the  ton-mileage.  The  truck- 
tractors  and  semitrailers,  on  the  other  hand,  trav- 
eled about  28  percent  ofnhe  vehicle-mileage  but 
carried  ilmosl  67  percent  of  the  ton-mileage. 
From  the  column  in  table  7,  showing  percent- 
loaded  bj  types,  it  can  be  observed  that  the 
percentage  of  vehicles  carrying  loads  tends  to 
increase  directly  as  the  size  of  the  vehicle  type, 
extending  from  light  panel  and  pickup  trucks  that 
are  loaded  38  percent  of  the  time  to  the  heavy 
combinations  that  are  loaded  about  67  percent 
of  the  time. 


Weights  Level  Off 

Figure  8  shows  by  years,  from  the  prewar  years 
(generally  1936  or  1937)  to  1952,  for  the  United 
States  as  a  whole,  the  frequency  of  gross  weights 
of  30,000  pounds  or  more,  of  40,000  pounds  or 
more,  and  of  50,000  pounds  or  more.  In  1952  it 
was  found  that  65  vehicles  in  each  1,000  loaded 
and  empty  trucks  and  truck  combinations  weighed 
50,000  pounds  or  more,  while  in  the  previous 
year,  64  vehicles  in  each  1,000  weighed  this 
amount.  On  the  other  hand,  it  was  found  in  1952 
that    118   vehicles  in   each   1,000   weighed   40,000 


pounds  or  more,  while  in  1951,  119  vehicles  in 
each  1,000  weighed  that  amount.  In  the  30,000 
pound  or  more  class  there  was  a  greater  reduc- 
tion. It  was  found  in  1952  that  188  vehicles  in 
each  1,000  weighed  30,000  pounds  or  more,  while 
in  the  previous  year  this  frequency  was  192  such 
vehicles.  This  decline  or  leveling  off  of  the  fre- 
quency of  heavy  gross  weights  may  or  may  not 
be  significant.  It  will  be  seen  from  the  chart  that 
the  general  upward  trend  of  gross-weight  fre- 
quencies has  been  halted  or  reversed  temporarily 
several  times  during  the  period  covered,  notably 
in  1946  and  1947.  The  current  frequencies,  how- 
ever, are  much  larger  than  those  found  in  1946, 
the  first  postwar  year,  and  an  astonishing  amount 
larger  than  in  1936  or  1937,  the  first  years  of 
the  planning  surveys.  Frequencies  of  vehicles 
weighing  30,000  pounds  or  more  in  1952  were 
1.4  times  as  great  as  in  1946,  and  over  4  times 
as  great  as  in  the  prewar  years;  those  weighing 
40.000  pounds  or  more  in  1952  were  twice  as 
great  as  in  1946,  and  about  11  times  as  great  as 
in  the  prewar  years;  while  vehicles  weighing  50,- 
000  pounds  or  more  in  1952  were  2.5  times  as 
great  as  in  1946,  and  almost  22  times  as  great 
as  in  the  prewar  years. 

The  1952  gross-weight  frequency  data  by  ve- 
hicle type  and  region  are  presented  in  table  8. 
No  panels,  pickups,  or  other  two-axle,  four-tire, 
single-unit  trucks  were  found  in  the  survey  weigh- 
ing as  much  as  30,000  pounds,  so  there  is  no  entry 
for  these  vehicles  in  the  table*  though  they  are 
included  in  the  total  number  of  vehicles  weighed 
in  computing  the  frequencies  for  all  trucks  and 
combinations.  Heavy  gross  weights  are  more  fre- 
quent in  the  Pacific  region  than  in  other  parts  of 
the  country.  In  this  region  191  of  each  1,000 
trucks  and  truck  combinations  on  the  main  rural 
highways  in  1952,  empties  included,  weighed 
50,000  pounds  or  more,  and  280  of  each  1,000 
weighed  30.000  pounds  or  more.  In  the  Mountain 
region  84  of  each  1,000  weighed  50,000  pounds 
or  more,  while  165  of  each  1,000  weighed  30,000 
pounds  or  more.  In  the  East  North  Central  re- 
gion 78  of  each  1,000,  a  frequency  almost  as  large 
as  that  found  in  the  Mountain  region,  weighed 
50.000  pounds  or  more,  while  227  of  each  1,000, 
a  frequency  almost  as  large  as  that  found  in  the 
Pacific  region,  weighed  30,000  pounds  or  more. 
The  lowest  frequency  of  heavy  gross  loads  was 
found  in  the  East  South  Central  region  where 
only  9  of  each  1,000  weighed  50,000  pounds  or 
more,  and  only  122  of  each  1,000  weighed  30,000 
pounds  or  more. 

As  was  pointed  out  in  the  discussion  of  figure 
8,  the  frequencies  of  heavy  gross  loads  decreased 
or  leveled  off  in  1952  in  the  Nation  as  a  whole. 
This  leveling  off  is  not  limited  to  any  certain 
area,  but  is  distributed  throughout  the  entire 
country.  Comparing  the  frequencies  of  gross 
weights  in  1952  with  those  in  the  previous  year, 
fairly  large  decreases  were  found  in  the  frequen- 
cies of  gross  weights  of  30,000  pounds  or  more 
in  the  heavily  traveled  Middle  Atlantic  and  East 
North  Central  regions  and  a  slight  decrease  in 
the  important  Pacific  region,  and  with  only  mod- 
erate increases  in  the  other  regions.  Likewise, 
decreases  were  found  in  the  frequencies  of  gross 
weights  of  50,000  pounds  or  more  in  both  the 
Middle  Atlantic  and  East  North  Central  regions 
and  with  moderate  increases  in  other  regions. 
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pounds  or  more,  there  is  no  entry  for  these  in  the 
table  though  they  are  included  in  figuring  the 
frequencies  for  ail  trucks  and  truck  combinations. 

Though  the  greatest  frequency  of  heavy  gross 
weights  in  1952  was  in  the  Pacific  region,  as 
shown  in  table  8,  this  region  had  a  considerably 
below-average  frequency  of  heavy  axle  loads.  At 
the  same  time,  by  far  the  greatest  frequency  of 
heavy  axle  loads  was  in  the  Middle  Atlantic  re- 
gion  and  the  next  greatest  was  in  New  England 
where  moderately  low  frequencies  of  heavy  gross 
loads  were  found.  In  these  two  eastern  regions, 
the  relatively  high  frequency  is  attributable  mainly 
tn  the  higher  legal  axle-weight  limits  in  effect 
in  some  of  the  States,  and  the  large  number  of 
two-axle  truck-tractors  pulling  one-axle  or  two- 
axle  semitrailers.  The  relative  infrequency  of 
heavy  axles  in  the  Pacific  region,  in  the  presence 
of  a  large  proportion  of  heavy  gross  loads,  indi- 
cates a  better  general  distribution  of  the  loads 
over  a  larger  number  of  axles. 

Although  the  frequency  of  heavy  gross  loads 
has  increased  considerably  in  all  regions  since 
1949  and  has  only  showed  a  tendency  to  level 
off  in  some  regions  in  1952,  as  stated  in  connec- 
tion with  the  discussion  of  table  8.  the  trend  in 
frequency  of  heavy  axle  loads  is  following  a  dif- 
ferent pattern.  This  is  demonstrated  by  com- 
paring the  frequency  of  heavy  axle  loads  in  1952 
with  those  in  1951  and  1950  and.  in  general,  back 
to  1948.  As  shown  in  table  9  for  each  region, 
with  the  exception  of  the  New  England  and  Pacific 
regions,  the  trend  in  frequency  of  heavy  axle  loads 
is  downward,  whereas  table  8  shows  that  the 
frequency  of  gross  loads  is  increasing  somewhat 
in  most  regions  and  leveling  off  only  in  a  few. 


(ABOVE)  Figure  8. — Number  of  heavy  gross 
weights  per  1,000  trucks  and  truck  com- 
binations (empties  included )  in  the  sum- 
mers of  1942-52  and  a  prewar  year. 


(RIGHT)  Figure  9. — Number  of  heavy  axle 
loads  per  1,000  trucks  and  truck  combina- 
tions (empties  included)  in  the  summers 
of  1942-52  and  a  prewar  year. 


Frequency  of  Heavy  Axle  Loads 

Figure  9  shows  the  frequency  of  axle  loads  of 
18.000  pounds  or  more,  20,000  pounds  or  more, 
and  of  22,000  pounds  or  more  for  the  prewar 
years  (1936-37)  and  by  years  from  1942  to  1952, 
inclusive.  The  frequency  of  these  heavy  loads  in- 
creased year  by  year  from  the  prewar  period 
through  1948.  Since  1948,  however,  the  trend 
apparently  has  been  reversed,  for  with  the  ex- 
ception of  1950,  the  data  seem  to  indicate  a 
definite  downward  trend.  Such  a  trend  is  highly 
encouraging  and  may  indicate  the  results  of  bet- 
ter enforcement  of  legal  limits  and  of  attention 
given,  generally,  to  better  load  distribution. 

Table  9  gives  data  concerning  the  number  of 
heavy  axle  loads  per  1,000  loaded  and  empty 
trucks  and  truck  combinations  of  various  types 
on  the  main  rural  roads  by  regions  in  1952.  Since 
no  panel,  pickup  or  other  two-axle,  four-tire  single- 
unit  truck  was  found  with  axles  weighing  18,000 
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Table  7. — Percentage  of  vehicle-miles  of  travel,  percentage  loaded,  average  carried  load,  and 
percentage  of  total  ton-miles  carried  by  various  types  of  trucks  and  truck  combinations 
on  si  am  rural  roads  in  1952  compared  to  that  in  corresponding  months  in  1951 


chicle  type 


Single-unit  trucks : 
Panel  and  picku; 

Other  2-axle,  4-tire 

Other  2-axle,  6-tire 

3-axle 

All  single-unit  trucks 

Truck  combinations : 

Truck-tractor  and  semitrailer 

Truck  :nvi  trailer 

All  truck  combinations 

All  trucks  and  combinations 


Percentage  of  ve- 
hicle-miles of 
travel 


19B2 


1951 


3.16 

31.01 

2.36 

70.00 


27.89 

2.11 

30.00 

100.00 


32.66 
2.89 

30.85 
2.00 

68.40 


29.41 

2.19 

31.60 

100.00 


Percentage 
loaded 


1952 


38.1 
50.3 
58.3 
58.2 
48.3 


67.8 
63.5 
67.5 

54.0 


1951 


39.0 
54.6 
58.0 
60.9 

48.8 


69.2 
65.0 
68.9 

55.2 


Average  carried 
load 


1952 


Tons 

0.68 
.90 
3.20 
8.03 
2.34 


10.61 
15.42 
10.93 

5.56 


1951 


Tons 

0.70 
.91 
3.23 
7.53 
2.31 


10.48 
15.48 
10.83 

5.68 


Percentage  of 
ton-miles  carried 


1952  1951 


2.89 

.48 

19.26 

3.68 
26.31 


66.84 
6.85 
73.69 

100.00 


2.83 

.46 

18.42 

2.93 
24.64 


68.14 

7.22 

75.36 

100.00 


1  Data  for  1951  include  estimates  for  toll  roads  not  previously  reported. 


Loads  Above  Legal  Limits 

Table  10  shows  the  number  of  trucks  and  truck 
combinations  of  each  type,  per  1,000  such  ve- 
hicles counted,  empties  included,  that  exceeded 
the  legal  axle,  axle-group,  or  gross-weight  limits 
in  effect  in  the  individual  States  in  the  summer 
of  1952,  and  the  number  per  1,000  that  exceeded 
these  limits  by  various  percentages.  Comparative 
figures  are  given  at  the  bottom  of  the  table  for 


the  Nation  as  a  whole  for  1950  and  1951.  The 
table  shows  that,  on  the  whole,  the  frequency 
with  whjch  vehicles  violated  some  one  of  the 
State  weight  restrictions  was  approximately  the 
same  as  in  the  previous  year,  much  less  than 
in  1950,  and  furthermore,  that  the  amount  of 
overload  generally  was  less  in  1952  than  in  the 
previous  years. 

Loads  in  excess  of  State  law  in  1952  were  most 
frequent  in  the  Middle  Atlantic  States,  although 


even  in  this  region,  when  compared  to  1951,  a 
reduction  in  frequency  of  overloaded  vehicles  was 
found.  The  frequencies  were  reduced  from  74 
trucks  and  combinations  overloaded  in  1951  for 
each  1,000  counted  to  a  frequency  of  61  such 
vehicles  in  1952.  A  slight  decrease  in  the  fre- 
quencies of  overloaded  vehicles  also  was  found 
in  the  East  North  Central  and  in  the  West  North 
Central  regions,  and  the  frequency  in  the  West 
South  Central  region  remained  the  same  as  in 
1951.  Slight  increases  in  the  frequency  of  over- 
loaded vehicles  were  found  in  all  other  areas.  The 
East  South  Central  region,  which  had  the  second 
lowest  frequency  of  overloaded  vehicles  in  1951, 
had  the  lowest  such  frequency  in  1952  with  only 
44  trucks  and  truck  combinations  overloaded  for 
each  1,000  counted  in  that  area.  After  the  Middle 
Atlantic  region  where,  of  all  loaded  and  empty 
trucks  and  truck  combinations  weighed  in  1952, 
61  of  each  1,000  exceeded  one  or  more  of  the 
State  weight  limits,  there  followed  the  East  North 
Central  region  with  the  second  highest  rate  of 
overloads  (57),  and  in  descending  order  of  rates 
of  violation  were  the  West  South  Central  (54), 
the  Mountain  (54),  the  Pacific  (51),  the  South 
Atlantic  (49),  the  West  North  Central  (48),  New 
England  (46),  and  the  East  South  Central  (44). 
No  panel  or  pickup  or  other  2-axle,  4-tire  truck 
was  weighed  that  exceeded  any  of  the  State 
weight   regulations,   and   these  classifications   are 


Table  8. — Heavy  gross  weights  per  1,000  loaded  and  empty  trucks  and  truck  combinations  on  main  rural  roads,  summer  of  1952 


Vehicle  type 

Eastern  regions 

Central  regions 

Western  regions 

United 
States 
average 

New 
England 

Middle       South      , 
Atlantic  Atlantic  Average 

East 
North 
Central 

East 

South 

Central 

West 
North 
Central 

West 

South      Average 
Central 

Moun- 
tain 

Pacific 

Average 

Number  per  1,000  Weighing  30,000  Pounds  or  More 

Single-unit  trucks : 

16 

326 

18 

549 

f1) 

547 

158 
153 
137 

16 

367 

22 

566 

(l) 
565 

207 
234 
221 

1 
346 

17 

563 

559 

171 
164 

177 

9 

351 
19 

563 

(i) 
560 

183 
191 
189 

239 

8  . 

,  589 
681 
596 

227 
255 
251 

1 

270 

7 

533 
400 
533 

122 
109 
102 

294 
5 

588 
231 

577 

181 
158 
142 

3 

478 
5 

550 
208 
534 

148 
143 
146 

1 

283 

6 

571 
511 
568 

177 
178 
170 

2 

331 

13 

679 
737 
692 

165 

164 
160 

373 
29 

786 
809 
793  ■ 

280 
289 
289 

1 

360 

22 

747 

788 
758 

230 
240 
233 

4 

333 

13 

591 
666 
596 

188 
192 
187 

3-axle.             . 

Average 

Truck  combinations : 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average 

Average,  all  trucks  and  combinations 

Comparative  average,  1951 

Comparative  average,  1950 

Number  per  1,000  Weighing  40,000  Pounds  or  More 

Single-unit  trucks: 
2-axle,  6-tire 

2 
124 

5 

357 

(!) 

356 

97 
95 
78 

2 
152 

7 

341 

341 

120 
152 
135 

58 
3 

363 

361     ' 

104 
98 
95 

1 
92 

4 

353 
(!) 
352 

110 
120 
109 

(2) 

59 

2 

469 
527 

482 

110 
103 
106 

31 

2 

664 
620 
652 

216 
216 
214 

(2) 

40 
2 

594 
592 
593 

169 
172 
167 

(2) 

72 

2 

377 
500 
386 

118 
119 

110 

3-axle - 

114 

4 

353 
551 
369  . 

140 
154 
140 

25 

221 
200 
221 

49 
41 
45 

27 

(2) 

377 
168 

371 

115 
98 
82 

111 
1 

353 

37 

338 

92 
85 
79 

79 

2 

341 
379 
343 

105 

103 

95 

Average 

Truck  combinations : 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average 

Average,  all  trucks  and  combinations 

Comparative  average,  1951   ^ 

Comparative  average,  1950 

Number  per  1,000  Weighing  50,000  Pounds  or  More 

Single-unit  trucks : 
2-axlc,  6-tire. 

21 
1 

141 

.       38 

1 

108 

(1) 

109 

38 
72 
63 

1 
(2) 

154 

153 

43 
36 

28 

14 

1 

128 

(1) 

128 

39 

50 
41 

21 
1 

184 
486 
208 

78 
87 
78 

12 

(2) 

41 

41 

9 
C 

7 

209 
152 
207 

64 
54 
44 

23 

(2) 

180 

31 

173 

47 
34 
34 

16 

(2) 

170 
334 

178 

54 
51 

47 

9 

(2) 

• 
344 
487 
376 

84 
78 
76 

3 

(2) 

579 
583 
580 

191 
178 
176 

5 

(2) 

494 
555 
510 

144 
138 
133 

12 

(2) 

197 
460 
215 

65 
64 
58 

Average 

Truck  combinations : 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average-     ___ . 

140 

38 
31 
24 

Average,  all  trucks  and  combinations 

Comparative  average,  1951 

Comparative  average,  1950 

omitted  because  of  insufficient  sample 


2  Less  than  5  per  10,000. 
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•omitted  from  tables  10-12  although  the  number 
of  such  vehicles  counted  is  included  in  the  cal- 
culations. 

Recommended  Weight  Limits 

Uniform  regulations  concerning  maximum  al- 
lowable gross  weights,  axle  weights,  and  axle- 
group  weights  have  been  adopted  as  a  policy  by 
the  American  Association  of  State  Highway  Offi- 
cials and  recommended  to  the  State  governments 
for  adoption.  3  This  policy  recommends  that  no 
axle  shall  carry  a  load  in  excess  of  18,000  pounds, 
and  no  group  of  axles  shall  carry  a  load  in  excess 
of  amounts  specified  in  a  table  of  permissible 
weights  based  on  the  distance  between  the  ex- 
tremes of  any  group  of  axles. 

As  might  be  expected,  many  vehicles  were 
loaded  in  such  a  manner  that  they  exceeded  more 
than  one  recommended  weight  limit,  and  some 
vehicles  had  more  than  one  axle  loaded  in  ex- 
cess of  the  recommended  limit.  By  counting  each 
vehicle  only  once,  regardless  of  the  number  of 
ways  in  which  it  exceeded  any  of  the  A.A.S.H.O. 
recommended  limits,  table  11  was  prepared  to 
> I i i > vv   the   number  of  vehicles  per  1,000  of  each 


3  Policy  concerning  maximum  dimensions,  weights, 
and  speeds  of  motor  vehicles  to  bm  operated  over  the 
highways  of  the  United  States,  adopted  April  1,  194G, 
by  the  American  Association  of  State  Highway  Offi- 
cials ;  published  by  the  Association  in  1946. 


type,  both  loaded  and  empty,  that  exceeded  the 
limits  by  various  percentages.  Those  vehicles 
which  exceeded  more  than  one  provision  of  the 
recommended  restriction  were  tabulated  only  in 
the  column  showing  the  highest  percentage  excess 
of  any  item. 

In  the  United  States  as  a  whole,  the  number 
of  vehicles  out  of  every  1,000  that  exceeded  the 
recommendations  increased  slightly,  being  73  in 
1952  compared  to  72  in  1951.  A  slight  reduction 
in  the  number  exceeding  the  recommendations 
was  found  in  the  West  North  Central  region.  On 
the  other  hand,  a  considerable  reduction  was 
found  in  the  important  Middle  Atlantic  and  East 
North  Central  regions  where  the  number  decreased 
from  127  and  99  in  1951  to  107  and  89  in  1952, 
respectively.  In  all  other  regions,  slight  increases 
were  found,  the  largest  of  which  were  in  the  New 
England  and  Pacific  regions.  The  large  reduction 
of  vehicles  exceeding  the  recommendations  in  the 
Middle  Atlantic  region  is  particularly  gratifying 
because  this  is  the  region  of  the  highest  frequency 
of  excessive  loads,  as  measured  by  the  A.A.S.H.O. 
standards. 

Regardless  of  the  reduction  in  the  Middle  At- 
lantic region  of  the  frequency  of  vehicles  out  of 
every  1,000  that  exceeded  any  of  the  A.A.S.H.O. 
recommendations  in  1952,  when  compared  to  1951, 
that  region  led  all  others  in  the  number  of  heavy 
loads.    There  were   107   vehicles   for  every   1.000 


weighed,  including  empties,  that  exceeded  one  or 
more  of  the  recommendations.  Othc  regions, 
ranked  in-  descending  order,  were  New  England 
(103),  Pacific  (101),  East  North  Central  (89), 
Mountain  (69),  South  Atlantic  (65),  West  South 
Central  (54),  West  North  Central  (46),  and  the 
East  South  Central   (38). 

In  the  United  States  as  a  whole,  73  vehicles 
out  of  every  1,000  were  overloaded  to  some  deg 
according  to  the  A.A.S.H.O.  standards,  and  14 
out  of  every  1,000  exceeded  some  one  of  the  rec- 
ommended provisions  by  20  percent  or  more  in 
1952.  Compared  to  these  frequeni  ii  3,  .here  were 
in  the  previous  year  72  vehicles  out  of  every  1,000 
that  were  nwrloaded  to  some  degree,  and  16  out 
..I  every  1,000  were  overloaded  by  20  percent  or 
more.  Although  these  data  indicate  a  slight  in- 
crease in  the  number  of  vehicles  loaded  in  excess 
of  the  Association's  recommendations,  there  is  a 
gratifying  reduction  in  the  number  of  the  more 
heavily  overloaded  vehicles. 

The  frequencies  of  axle  loads  of  18,000  pounds 
or  more,  20,000  pounds  or  more,  and  22,000  pounds 
or  more  have  already  been  discussed  in  connec- 
tion with  table  9  and  will  not  be  discussed  further. 

Table  12  shows  the  number  of  vehicles  of  vari- 
ous types  per  1,000  vehicles  with  an  axle-group 
loa3  in  excess  of  the  limits  recommended  by  the 
A.A.S.H.O.  and  in  excess  of  the  limits  by  various 
percentages.    For  the  United  States  as  a  whole, 


Table  9. — Heavy  axle  loads  per  1,000  loaded  and  empty  trucks  and  truck  combinations  on  main  rural  roads,  summer  of  1952 


Vehicle  type 


Eastern  regions 

Central  regions 

Western  regions 

New        Middle       South 
England   Atlantic   Atlantic 

Average 

East 
North 
Central 

East         West 
South        North 
Central     Central 

West 
South 
Central 

Average 

Moun- 
tain 

Pacific 

Average 

United 
States 
average 


Number  per  1,000  Weighing  18,000  Pounds  or  More 


Single-unit  trucks: 

2-axle.  6-tire* 

3-axle 

Average 

Truck  combinations : 

Truck-tractor  and  semitrailer 

Truck  and  trailer . 

Average 

Average,  all  trucks  and  combinations 

Comparative  average,  1951 

Comparative  average,  1950 


45 

190 

30 


499 

497 

153 
151 
137 


53 

158 

36 


395 
"393" 


157 
207 
208 


28 
76 
15 


242 
T40" 


79 

90 

100 


41 

111 

24 


330 

(!) 
328 

116 
144 
147 


13 
34 


176 
372 
192 

76 
88 
98 


33 
83 
17 


147 
~147~ 


46 
46 
63 


11 

10 

6 


96 
42 
94 

33 

53 
45 


21 

118 

9 


207 

12 

198 

60 
60 
67 


Number  per  1,000  Weighing  20,000  Pounds  or  More 


Single-unit  trucks: 

2-axle,  6-tire 

3-axle 

Average 

Truck  combinations: 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average , 

Average,  all  trucks  and  combinations 

Comparative  average,  1951 

Comparative  average,  1950 


29 

77 
17 


305 

304 

93 
97 
82 


28 

107 

20 


207 
206" 


83 
129 
131 


78 

25 
35 
38 


19 
47 
11 


254 
(!) 
252 

84 
79 
80 


1 
25 

1 


50 
38 
49 

19 
16 
22 


13 

16 

6 


27 

11 
11 
19 


15 

2 

14 

5 
12 
12 


23 
3 


57 


54 

17 
21 
23 


Number  per  1,000  Weighing  22,000  Pounds  or  More 


Single-unit  trucks  : 

2-axle,  6-tire 

3-axle 

Average 

Truck  combinations : 

Truck-tractor  and  semitrailer__- 

Truck  and  trailer 

Average 

Average,  all  trucks  and  combinations 

Comparative  average,  1951 

Comparative  average,  1950 


19 

28 
11 


157 
<*) 

156 

49 
46 
39 


16 
49 
11 


114 


113 

46 
73 
80 


23 


23 

7 
10 
13 


10 
19 


74 

26 
39 
42 


13 
<2) 


9 

15 

9 

4 
5 

7 


(2) 


4 

18 

2 


12 

11 


1  Data  omitted  because  of  insufficient  sample. 
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2  Less  than  5  per  10,000. 


18 

50 

9 


162 
244 
167 

57 
65 
72 


39 
84 
17 


l.V- 
227 
173 

52 
55 
83 


23 

19 

9 


135 

214 
157 

58 
44 
69 


5 

19 

3 


41 
24 

40 

14 
16 
19 


13 

21 

5 


33 
11 
28 

11 
17 
35 


25 
40 
29 

11 

5 

16 


111 


5 
16 


(2) 
(2) 


30 
39 
13 


143 
218 
163 

55 
49 
75 


9 

1- 
4 


28 
31 
29 

11 
10 
24 


27 
70 
14 


216 
223 
217 

75 
86 
96 


10 

27 

6 


111 

28 

105 

35 
34 
39 


5 

10 

2 


30 

7 
28 

10 
14 
18 
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Number  of  trucks  and  truck  combinations,  per   1,000 

loaded    and    empty    vehicles,    that    exceeded    the    permissible 

.roup,  or  gross-weight  legal  limits  in  effect  in  the 

by  various  percentages   (maximum)   of  overload,  sum- 

L952 


Region  and  type  of  vehicle 


Num-! 

ber 

per 
1,000 
over- 
loaded 


Number  per  1,000  overloaded 
more  than — 


5 
per- 
cent 


New  England  : 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks ._. 

Truck-tractor  and  semitrailer 

Truck  and  trailer — 

Average,  truck  combinations  ____ 
Average,  all  trucks  and  combinations 
Middle  Atlantic  : 

2-axle.  6-tire 

..  \le 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations  .__ 

Average,  all  trucks  and  combinations 
South  Atlantic  : 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  track  combinations 

Average,  all  trucks  and  combinations 
East  North  Central : 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 
East  South  Central : 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 
West  North  Central : 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 
West  South  Central : 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 
Mountain  : 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 
Pacific: 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck -tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 
United  States  average  : 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 

i  omparative  average,  1951 

Comparative  average,  1950 


16 
132 

12 
142 


141 
46 

23 
116 

17 
145 
187 
145 

61 

15 

70 

9 

150 


149 
49 

5 

49 

4 

140 

223 

147 

57 

28 

68 

15 

145 

~145~ 

44 

7 

55 

4 

148 

66 

146 

48 

17 

101 

7 

189 

4 

180 

54 

31 

92 

14 

189 

218 

195 

54 

6 
24 

4 

125 

201 

146 

51 

15 

67 

9 

151 

182 

153 

52 

50 

67 


13 

106 

10 

101 


101 
34 

18 
92 
14 
90 
125 
90 
40 


87 
27 

1 
28 

1 

79 

120 

82 

31 

20 
48 
10 
84 

"84 
26 

3 
32 

2 
93 

37 
91 
29 


6 
126 

~12o' 
37 

21 

87 

11 

122 

157 

130 

38 

4 
7 
2 
80 
92 
83 
29 

10 
41 
6 
93 
98 
93 
32 
32 
44 


10 
per- 
cent 


73 
24 

12 
77 
10 
56 
62 
56 
26 

4 
14 

2 
52 


20 
per- 
cent 


27 
1 
36 
58 
38 
15 

14 

31 

7 

46 

46 
16 

1 
22 

1 
47 

9 
46 
15 

7 

59 

3 

77 

"73" 

22 


29 
10 

5 
54 

5 
15 

"l5" 


1 

1 

19 

19 

5 


13 

8 

13 

8 

3 

3 

14 

2 

16 

16 

5 

(1) 
11 

(11 
12 


30 
per- 
cent 


13 

(M 
1 
7 
1 

(M 


50 
per- 
cent 


t1) 
2 

0) 

i1) 


i1) 

f1) 

1 

15 

1 

f1) 

~H~ 

1 


1 

f1) 


(x) 


(!) 


0) 

3 

1 

~~3~ 

1 

1 

(M 

~3 

"W 

(M 
i1) 


i1) 
1 


1 

0) 


1 


4 
3 

1 

(x) 
2 

1 

2 
1 

f1) 

f.1) 

1 


Table  11. — Number  of  trucks  and  truck  combinations,  per  1,000 
loaded  and  empty  vehicles,  that  exceeded  any  of  the  per- 
missible load  limits  recommended  by  the  A.A.S.H.O.  by 
various  percentages  (maximum)  of  overload  in  the  summer 
of    1952 


Region  and  type  of  vehicle 


New  England  : 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations      

Average,  all  trucks  and  combinations 
Middle  Atlantic  : 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer . 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 
South  Atlantic  : 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer   

Average,  truck  combinations 

Average,  all  trucks  and  combinations 
East  North  Central : 

2-axle,  6-tire 

3-axle  

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 
East  South  Central : 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 
West  North  Central : 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer  

Average,  truck  combinations 

Average,  all  trucks  and  combinations 
West  South  Central : 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 
Mountain : 

2-axle,  6-tire 


Num- 
ber 
per 

1,000 
over- 
loaded 


Number  per  1,000  overloaded 
more  than — 


5 

10 

per- 
cent 

per- 
cent 

20 
per- 
cent 


30 
per- 
cent 


47 
175 

29 
312 


tie 


Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 
Pacific: 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 
United  States  average: 

2-axle,  6-tire 

3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 

Comparative  average,  1951 

Comparative  average,  1950 


311 

103 

45 
100 

29 
257 
187 
257 
107 

23 
122 

15 
194 


193 
65 

6 

41 

4, 

215 

445 

233 


28 

70 

15 

120 


120 
38 

8 

24 

4 

144 

56 

141 

46 

17 

91 

7 

190 

4 

181 

54 

31 

90 

14 

251 

293 

260 

69 

6 
19 
4 
261 
398 
299 
101 

21 

74 

12 

207 

330 

216 

73 

72 

91 


40 
151 

25 
273 


272 
90 

38 

85 

25 

212 

187 

212 

89 

13 


138 


137 
45 

1 

27 

1 

132 

406 

154 

58 

20 
61 
11 
66 


66 
23 

3 

21 
2 
82 
29 
80 
26 

13 

78 

6 

128 

4 

122 

37 

21 

72 

10 

179 

229 

190 

50 

4 

6 

2 

204 

300 

231 

77 

15 

56 

9 

146 

267 

154 

52 

52 

68 


32 

126 

20 

230 


229 
75 

32 

77 

21 

152 

125 

152 

66 

8 

44 

5 


14 
I1) 
75 
323 
95 
35 

15 

35 

8 

34 


23 
59 

14 
143 


142 

48 

18 
54 
12 


13 

(M 

19 

164 

30 

11 

4 
11 

2 
10 


34 

14 

1 
17 

1 
35 

6 
34 

ii  4 

7 
54 

3 
79 

4 
75 
23 

10 

43 

5 

114 

132 

118 

30 

3 

4 

1 

129 

190 

146 

49 

10 
36 
6 
92 
183 
98 
34 
35 
46 


10 

4 

H 

2 

H 


69 


69 
24 


10 

38 


49 


49 
21 

(M 

1 
Ci 
11 


12 

(M 

7 

66 

12 

4 

(!) 


2 

I1) 


1  Less  than  5  per  10,000. 


1  Less  than  5  per  10,000. 


the  frequency  of  excessive  axle-group  loads  in 
1952  was  slightly  higher  than  in  1951,  although 
lower  than  in  1950.  As  in  table  11,  decreases  in 
the  of    vehicles    exceeding    the    axle- 

tions  were  found  in  the  heavily 
iled  Middle  Atlantic  and  East  North  Central 


regions,  and  small  increases  were  found  in  all 
others.  As  in  the  previous  year,  the  highest  fre- 
quency of  excessive  axle-group  loads  was  found  in 
the  Pacific  region  (91  per  1,000  vehicles),  while 
the  regions  in  descending  order  of  the  number  of 
vehicles  with  excessive  axle-group  loads  were  East 


North  Central  (61),  Mountain  (54),  West  North 
Central  (33),  Middle  Atlantic  (32),  South  At- 
lantic (30),  New  England  and  West  South  Cen- 
tral  (28  each),  and  East  South  Central   (6). 

It  will  be  noted  that  a  higher  proportion  of  the 
vehicles   have   excessive   axle-group   loads   in   the 
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Table  12.— Number  of  truck,  and  truck  combinations,  per  1,000  loaded  and  empty  vehicles, 
that  exceeded  the  permissible  axle-group  loads  recommended  by  the  A.A.S.H.O.  by 
various  percentages  of  overload  in  the  summer  of  1952 


Num- 
ber 

Number  per  1,000  overloaded  more  than — 

Region  and  type  of  vehicle 

over- 
loaded 

5 

percent 

10 
percent 

20 
percent 

30 
percent 

50 
percent 

New  England  : 

2-axle,  6-tire  . 

2 
L31 

5 
93 

1 

109 

4 

64 

1 

88 

3 

43 

3-axle 

4.7 

1 

20 

13 

1 

Average,  single-unit  trucks 

Truck-traetor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations 

93 

28 

100 

4 

83 

187 
83 
32 

111 

5 

96 

64 

20 

85 
3 
58 
187 
58 
22 

83 

4 

65 

43 

14 

77 

3 

34 

125 

34 
14 

35 
2 

41 

20 
6 

54 

2 

16 

16 

7 

5 

f1) 
14 

6 
2 

38 

1 
7 

7 
3 

1 

(!) 

6 

1 
(') 

15 

I 
2 

2 

1 

1 

Average,  all  trucks  and  combinations 

Middle  Atlantic  : 
2-axle,  6-tire  - 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 

South  Atlantic  : 
2-axle,  6-tire. 
3-axle 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations 

95 
30 

65 

21 

41 

13 

14 

4 

6 
2 

1 

0) 

i1) 

12 

1 

(') 

Average,  all  trucks  and  combinations 

East  North  Central : 
2-axle,  6-tire 

3-axle 

38 

1 

141 

404 

162 

61 

27 
1 

84 
387 
108 

41 

~~'~47 

1 
10 

14 
(M 
44 
321 
66 
25 

13 
f1) 

11 
160 

23 
9 

13 

(') 

4 

65 

9 

3 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations 

Average,  all  trucks  and  combinations 
East  South  Central : 
2-axle,  6-tire 

3-axle 

54 

1 

23 

30 

1 
5 

11 

(*) 

1 

Average,  single-unit  trucks 

(M 

f1) 

Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  truck  combinations . 
Average,  all  trucks  and  combinations     . 

23 
6 

I1) 

22 

<', 
108 

42 
106 

33 

10 
3 

n 

21 
(M 
62 
2 
60 
18 

5 
2 

1 

0) 

i1) 

West  North  Central : 
2-axle,  6-tire_ 

3-axle 

17 
(') 
23 

2 

0) 
6 

1 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 
Truck  and  trailer1 

Average,  truck  combinations 

22 

7 

6 
2 

1 

Average,  all  trucks  and  combinations 
West  South  Central: 
2-axle,  6-tire 

3-axle. 

83 

1 
104 

4 
99 
28 

70 
1 

73 
4 

70 
20 

45 
(') 
43 
4 
41 
11 

8 
0) 
17 

4 
16 

4 



Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

5 

5 

1 

1 
1 

Truck  and  trailer 

Average,  truck  combinations  . 

Average,  all  trucks  and  combinations 

Mountain  : 

2-axle,  6-tire 

3-axle, 

81 

3 

221 

262 

230 

54 

55 

2 

159 

196 

167 

39 

43 
2 

102 

126 

107 

25 

17 
1 
32 
31 
32 
8 

4 
0) 

9 
(') 

7 
2 

1 

1 

1 

Average,  single-unit  trucks 
Truck-tractor  and  semitrailer 

Truck  and  trailer 

Average,  all  trucks  and  combinations 

Pacific: 

3-axle  ._ 

12 

1 

239 

369 

275 
91 

(M 

67 

2 

118 

302 

131 

41 

39 

44 

2 

186 
279 
212 

70 

(M 
50 
2 
79 
247 
91 
29 
26 
33 

Average,  single-unit  trucks 

Truck-tractor  and  semitrailer 

119 

167 

132 

43 

o) 

31 
1 
45 
172 
54 
17 
17 
22 

33 

17 
29 
10 

9 

7 
8 
3 

3 
4 
3 
1 

Truck  and  trailer . 

Average,  all  trucks  and  combinations 
United  States  average : 
2-axle,  6-tire. 

3-axle 

Average,  single-unit  trucks 

14 

(») 

15 

52 

18 

5 

5 

8 

8 

5 
19 
6 
2 
2 
3 

2 

(a) 
1 
5 
1 
(') 
(') 
1 

Truck-tractor  and  semitrailer 

Comparative  average,  1951 
Comparative  average,  1950 

recommended  limits  by  as  much  as  25  percent 
may  be  within  the  legal  limits  of  cert. in  States, 
particularly  in  these  two  regions.  Some  States 
have  no  axle-group  limits  and  one  State  has  no 
prescribed  axle-load  limit  in  their  motor-vehicle 
restrictions,  a  fact  that  further  complicates  direcl 
comparison  of  excess  weights  based  on  law  and 
I  hose  based  on  the  recommendations.  Compari- 
son  of  the  frequency  data  for  New  England  and 
the  Middle  Atlantic  region-  shows  that  only  about 
one-half  of  the  vehicles  exceeding  one  or  more 
"I  the  Association's  recommendations  actual! 
reeded  a  State  legal  limit.  Due  in  more  stringent 
weight  laws  in  the  East  South  Central  and  in  the 
West  North  Central  regions,  the  frequencies  of 
vehicles  exceeding  the  weight  limits  in  the  States 
of  these  areas  are  slightly  greater  than  the  fre- 
quencies  of  those  exceeding  the  Association's  rec- 
ommendations. In  the  West  South  Central  re- 
gion, the  frequencies  of  vehicles  exceeding  the 
State  weight  laws  and  of  those  exceeding  the 
\--"ciation's  recommendations  are  the  same.  For 
the  United  States  as  a  whole,  over  two-thirds  of 
the  vehicles  exceeding  one  or  more  of  the  Associ- 
ation's recommendations  also  exceeded  a  State 
legal  limit. 


1  Less  than  5  per  10,000. 


Pacific,  Mountain,  and  East  North  Central  re- 
gions than  elsewhere,  whereas  table  9  shows  that 
these  regions  are  among  those  having  the  lowest 
frequencies  of  heavy  axle  loads.  The  far  more 
frequent  use  of  multiple-axle  vehicles  in  these 
areas  enables  vehicle  operators  to  distribute  better 
their  heavy  loads.  This  is  particularly  true  in 
California  and  other  nearby  States. 


In  considering  the  data  concerning  the  fre- 
quencies of  vehicles  exceeding  the  Stale  legal 
limits  and  the  A.A.S.H.O.  recommendations,  espe- 
cially the  frequencies  in  the  Middle  Atlantic  and 
New  England  regions,  the  fact  should  be  recog- 
nized that  higher  limits  generally  are  permitted 
under  State  laws  in  these  areas  than  are  recom- 
ded  by  the  Association.    Axles  exceeding  the 
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PRIOR  to  1945,  parking  studies  of  limited 
area  had  been  undertaken  with  expedient 
methods  but  without  effort  of  a  comprehensive 
nature  or  for  the  entire  business  district.  In 
1945,  the  first  comprehensive  type  studies,  *  which 
now  number  76,  were  initiated.  Of  the  76  park- 
ing studio,  reports  are  available  for  analysis  from 
58  cities  i  lal >le  1).  These  studies  are  centered 
around  the  people  who  drive  their  cars  to  the 
downtown  area,  and  information  is  obtained  about 
where  they  parked,  how  long  they  stayed,  where 
they  went  after  parking,  and  for  what  purpose. 
The  reports  from  these  studies  are  proving  to  be 
extremely  useful  in  the  planning  and  develop- 
ment of  local  parking  improvements.  Because 
of  the  similarity  of  methods  used  in  obtaining 
information  in  these  58  cities,  the  reports  have 
much  added  value  in  permitting  a  comparison  of 
conditions  and  data  for  groups  of  these  cities 
having  similar  characteristics. 

Many  cities  are  generally  recognized  as  being 
of  a  certain  type  such  as  a  manufacturing  city, 
a  retail  market  center,  a  resort  town,  or  a  center 
of  governmental  activity.  Different  economic  fac- 
tors have  been  used  from  time  to  time  by  market 
analysts  and  by  other  economists  to  express  these 
differences.  Several  series  of  statistics  that  are 
available  for  this  comparison  provide  an  indica- 
tion of  I  lie  economic  classification  of  cities.   These 


The  principal  objective  of  traffic  studies  of  any  type  is  to  obtain  information 
needed  for  planning  the  improvement  of  highway  facilities.  An  auxiliary  objec- 
tive of  traffic  studies  is  to  improve  the  methods  of  making  the  studies,  not  only 
with  respect  to  accuracy  or  completeness  of  the  information,  but  also  with  respect 
to  costs  and  time.  A  disturbing  circumstance  in  making  traffic  studies  is  the  length 
of  time  it  takes  to  appraise  a  problem  situation,  obtain  the  information  for  solv- 
ing the  problem,  analyze  the  data,  and  present  the  facts  and  recommendations 
for  programming  improvements. 

The  purpose  of  this  discussion  is  to  point  out  a  few  empirical  relations  which 
exist  between  certain  basic  economic  factors  such  as  population,  retail  sales,  em- 
ployment in  urban  areas,  and  the  parking  of  automobiles,  one  part  of  the  traffic 
problem  which  has  been  studied  in  the  downtown  area  of  many  cities.  If  these 
relations  can  be  shown  to  exist,  it  should  be  possible  to  learn  how  to  use  them  in 
making  parking  and  traffic  studies  in  a  few  weeks  instead  of  months  and  with 
considerable  less  expense. 

Parking  studies  are  one  form  of  traffic  studies,  limited  in  most  instances  to 
problem  situations  in  the  downtown  areas  of  cities  where  the  economic  interests  of 
the  community  are  centered  and  where  traffic  and  transportation  is  focused  to 
serve  those  interests.  The  increased  use  of  the  private  automobile  has  made  this 
problem  one  of  common  concern  in  all  cities  throughout  the  nation.  The  terminal 
problem  in  the  downtown  area  is  the  concern  not  only  of  business  in  the  area, 
but  also  of  several  departments  of  city  government  charged  with  the  responsibili- 
ties of  highway  or  street  construction  and  maintenance,  of  traffic  regulation,  and 
of  raising  money  for  the  administration  of  city  government. 


are  (1)  census  of  population,  1950,  (2)  census 
of  manufactures,  1947,  (3)  census  of  business, 
retail,  wholesale,  and  service  trades,  1948,  and 
(4)    economic  classification  of  cities.2 


1  Proceedings   of  the  Highway  Research  Board,   vol. 
25,  1945,  p.  269,  and  vol.  26,  1946,  pp.  430-444. 


2  Municipal   Yearbook,   1950,   p.  48. 


For  several  years  the  International  City  Man- 
agers' Association  has  published  in  the  Municipal 
Yearbook  a  classification  of  cities  based  primarily 
on  retail  and  manufacturing  employment  char- 
acteristics for  cities  in  different  population  group- 
ings.   These  factors  and  several  others  generally 


Average  parking  accumulation. — The  number 
of  vehicles  parked  at  a  particular  time  is  the 
accumulation  at  that  time.  The  average  parking 
accumulation  is  the  average  of  the  volumes 
parked  at  each  one-half-hour  interval  from  10 
a.m.   to  6  p.m. 

Employment  in  manufactures. — Number  of  all 
employees  (average  for  the  year)  for  each  urban 
place  in  each  State.  Census  of  manufactures, 
Bureau  of  the  Census,  vol.  Ill,  table  2,  1947. 

Employment  per  100  population.  The  number 
of  pet  work  in  a  city  per  100  inhabitants. 

It    in  mployment    in    manufacturing    and 

retail,  ice  trades. 

Employment  in  retail  trade. — Number  of  paid 
employees,  work  week  ended  nearest  November 
15,  1948,  for  each  city  in  each  State.  Census  of 
business,  Bureau  of  the  Census,  vol.  Ill,  table  103, 
1948.  Retail  trade-area  statistics. 


DEFINITIONS 

Employment  in  service  trade. — Number  of  paid 
employees,  work  week  ended  nearest  November 
15,  1948,  for  each  city  in  each  State.  Census  of 
business.  Bureau  of  the  Census,  vol.  VII,  tables 
103A,  B,  and  C,  1948.  Service  trade-area  statistics. 
Service  trade  includes  automotive  repair,  laundry, 
cleaning,  amusements,  hotels,  and  restaurants. 

Employment  in  ivholesale  trade. — Number  of 
paid  employees,  work  week  ended  nearest  Novem- 
ber 15,  1948,  for  each  city  in  each  State.  Census 
of  business,  Bureau  of  the  Census,  vol.  V,  table 
103,  1948.  Wholesale  trade-area  statistics. 

G.A.F.  retail  sales. — The  dollar  volume  of  annual 
retail  sales  of  general  merchandise  (G),  apparel 
(A),  and  furniture,  appliance,  and  furnishings 
(F)  as  reported  in  table  103  for  each  State.  Cen- 
sus of  business,  Bureau  of  the  Census,  vol.  Ill, 
1948.  Retail  trade-area  statistics. 

Number  of  parkers. — This  is  the  number  of 
vehicles  parked  in  the  central  business  district  at 


any  time  between  10  a.m.  and  6  p.m.  at  the 
curb  and  offstreet,  legal  and  illegal,  and  it  in- 
cludes trucks  as  well  as  passenger  vehicles.  All 
studies  used  in  this  analysis  were  made  under 
comparable  methods.  In  some  instances  modifi- 
cation was  necessary  to  develop  volumes  on  a  10 
a.m.  to  6  p.m.  8-hour  period. 

Rank-size. — A  listing  of  cities  ranked  in  order 
of  size  from  largest  to  smallest. 

Retail  trade-manufacturing  employment  ratio. — 
Ratio  of  employment  in  retail  trade  business  to 
employment    in    manufacturing   industry. 

Urban  population. — Number  of  inhabitants  of 
urbanized  area  if  50.000  persons  or  more;  places 
under  50,000  population  is  the  city  population. 
Tables  18  and  24  P-Al,  Census  of  population, 
Bureau  of  the  Census,  1950. 

Vehicle  cordon  count. — A  count  of  traffic  cross- 
ing the  boundary  of  the  survey  area. 
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Table     1. — Cities    in    which    comprehensive 
parking  studies  have  been  made 


City  and  State 


Year 
of 

study 


Albert  Lea,  Minn.1 

Albuquerque,  N.  Mex.2_ 

Alexandria,  La. 

Allentown,  Pa.3 

Anderson,  Ind 

Anderson,  S.  C 

Atlanta,  Ga.1 

Baltimore,  Md 

Bethlehem,  Pa.1  s 

Biddeford-Saco,  Maine1- 


Boise,  Idaho 

Bristol,  Va.-Tenn.1- 

Butler,  Pa.1 

Charlotte,  N.  C 

Chattanooga,  Tenn._ 

Cleveland,  Ohio 

Clovis,  N.  Mex 

Coatesville,  Pa.1 

Columbus,  Ind 

Corpus  Christi,  Tex. 


Dallas,  Texas 

Decatur,  Ind 

Easton,  Pa 

Eugene.  Oreg.1 

Evansville,  Ind 

Fond  du  Lac,  Wis.1. 

Frankfort,  Ind 

Gary,  Ind.3__   

Harrisburg,  Pa 

Honolulu,  T.  H.1  2__ 


Huntington,  Ind 

Independence,  Mo.1. 

Jacksonville,  Fla 

Knoxville,  Tenn 

Kokomo,  Ind 

Lake  Charles,  La 

Lexington.  Ky.1  2 

Lincoln,  Nebr. 

Louisville,  Ky. 

Lynchburg,  Va 


Martinsville,  Va 

Meadville,  Pa 

Memphis,  Tenn 

Miami,  Fla 

Monroe,  La 

Morristown,  N.  J.1. 
Nashville,  Tenn.1... 
New  Haven,  Conn.. 

Norristown,  Pa 

Ogden,  Utah  l 


Omaha,  Nebr 

Pawtucket,  R.  !■.»__ 

Portland,  Oreg 

Portsmouth,  N.  H. 

Pottstown,  Pa 

Providence,  R  .1 

Reading,  Pa 

Reno,  Nev.   

Richmond,  Va 

Roswell,  N.  Mex 


Rushville.  Ind.1 

St.  Louis,  Mo 

Seattle,  Wash 

Seymour,  Ind 

Spokane,  Wash 

Steubenville,  Ohio  1_ 
Stevens  Point,  Wis.. 

Syracuse,  N.  Y 

Toledo,  Ohio 

Topeka,  Kans 


Uniontown,  Pa 

Wabash,  Ind.   

Walla  Walla,  Wash. 

Waynesboro,  Va.1 

West  Chester,  Pa.__. 
Wichita.  Kans 


1947 
1949 
1947 
1948 
1948 
1947 
1945 
1946 
1948 
1950 

1948 
1950 
1951 
1947 
1947 
1948 
1950 
1951 
1948 
1947 

1950 
1948 
1948 
1952 
1949 
1950 
1948 
1949 
1946 
1947 

1948 
1950 
1947 
1946 
1948 
1947 
1952 
1950 
1951 
1948 

1949 

1948 
1950 
1951 
1947 
1950 
1946 
1946 
1949 
1952 

1948 
1945 
1946 
1946 
1949 
1945 
1947 
1949 
1948 
1950 

1950 

1950 
1946 
1948 
1947 
1952 
1947 
1951 
1947 
1951 

1950 

1948 
1946 
1952 
1949 
1947 


1950 
population 

of 
urbanized 

area 


13,545 

96,815 

34,913 

106,756 

46,820 

19,770 

507,887 

1,161,852 

66.340 

31,160 

34,393 

32,725 

23,482 

140,930 

167,764 

1,383,599 

17,318 

13,826 

18,370 

122,956 

538,924 

7,271 

35,632 

35,879 

137,573 

29,936 

15,028 

133,911 

169,646 

248,034 

15,079 

36,963 

242,909 

148,166 

38,672 

41,272 

55,534 

99,509 

472,736 

47,727 

17,251 

18,972 

406,034 

458,647 

38,572 

17,124 

258,887 

244,836 

38,126 

57,112 

310,291 
81,436 

512,643 
18,830 
22,589 

583,346 

154,931 
32,497 

257,995 
25,738 

6,761 

1,400,058 

621,509 

9,629 

176,004 

35,872 

16,564 

265,286 

364,344 

89,104 

20,471 
10.621 
24,102 
12,357 
15,168 
194,047 


1  Cities  not  included  in  this  study  because  their 
report  was  not  received  in  time,  did  not  provide 
sufficient  detailed  information,  or  data  were  not  com- 
parable to  the  58  cities  studied  because  of  unusual 
conditions  in  the  area. 

2  City  population  only. 

3  Part  of  an  urbanized  area.  Population  shown  is 
that  of  named  city  only. 


used  were  listed  in  this  analysis  for  each  of  the 
58  cities.  As  a  result  of  an  examination  of  these 
factors,  it   appeared   that  there  were  five   group- 


ings which  could  be  readily  recognized.  Park- 
ing volumes  for  cities  in  each  group  were  then 
studied  in  relation  to  the  economic  characteristics 
of  the  same  group. 

Several  approaches  were  made  to  compare 
parking  habits  and  volumes  with  economic  char- 
acteristics of  cities,  three  of  which  appear  to 
offer  useful  methods  of  estimating  parking  vol- 
umes: 

1.  Rank-size  order.  Cities  in  which  the  park- 
ing studies  had  been  made  were  arranged  in  or- 
der of  size  with  respect  to  population,  retail  sales 
of  general  merchandise,  apparel,  and  furniture 
(commonly  known  as  G.A.F.  sales),  employment 
in  manufacturing,  and  parking. 

2.  G.A.F.  sales  and  parking.  The  number  of 
parkers  per  million  dollars  of  G.A.F.  sales  was 
compared  with  urban  population.  3 

3.  Statistical  evaluation.  The  standard  error  of 
estimate  was  determined  for  17  different  factors 
in  31  different  combinations. 

Conclusions 

Based  on  these  studies  the  following  conclu- 
sions are  warranted: 

1.  Cities  of  similar  economic  characteristics 
may  be  recognized  by  types  of  employment 
and  by  population  change,  and  may  be 
grouped  according  to  ratios  based  on  these 
factors. 

2.  The  amount  of  parking  in  the  central  busi- 
ness district  has  an  empirical  relation  to  the 
overall  economy  of  the  community. 

3.  Patterns  of  parking  in  a  rank-size  order 
have  a  definite  relation  to  rank-size  of  cities 
of  similar  characteristics  as  grouped  above 
with  respect  to  population,  G.A.F.  sales,  and 
employment  in  manufacturing. 

4.  The  volume  of  parking  per  one  million  dol- 
lars of  G.A.F.  sales  has  a  definite  relation 
to  population. 

5.  A  statistically  reliable  relation  exists  be- 
tween parking  volumes  and  certain  inde- 
pendent variables,  and  for  certain  groups  of 
cities  an  equation  can  be  developed  to  ex- 
press this  relation. 

6.  Estimates  made  by  rank-size  order,  by  the 
relation  of  parking  volumes  to  G.A.F.  sales, 
and  by  statistical  evaluation  when  compared 
with  actual  observed  volumes  indicate  that 
the  volume  of  parkers  for  the  central  busi- 
ness district,  as  a  whole,  can  be  estimated 
within  reasonable  limits  of  accuracy. 

7.  Additional  studies  should  be  made  to  dem- 
onstrate how  these  relations  can  be  used 
in  planning  parking  facility  improvements 
either  directly  in  relation  to  land  use  or  in 
combination  with  other  known  relations  in- 
volving available  parking  spaces,  trip  pur- 
pose, length  of  time  parked,  and  distance 
walked. 

Economic  Classification 

The  factors  which  were  found  to  be  usable  in 
grouping  the  cities  according  to  economic  condi- 
tions   were    (1)     retail    trade-manufacturing    em- 


3  Gross  retail  sales  and  automobile  parking  require- 
ments by  Floyd  M.  Jennings,  Highway  Research 
Board,   Bulletin   No.   19,   1948. 


ployment  ratio,  which  is  the  ratio  of  the  number 
of  persons  employed  in  retail  trade  to  the  num- 
ber employed  in  manufacturing;  (2)  employment 
per  100  population;  (3)  percent  of  population 
increase  for  the  period  1940-50;  and  (4)  per- 
cent of  employment  in  service  trades,  which  is  the 
percent  of  total  employment  in  such  establish- 
ments as  amusements,  laundries,  dry  cleaning 
places,  and  hotels.  These  factors  are  summarized 
in  table  2. 

Employment  in  wholesale  trade,  motor-vehicle 
registrations  in  urban  areas,  total  retail  sales,  and 
gasoline  filling  station  sales  were  among  other 
factors  considered.  They  either  duplicated  trends 
apparent  in  the  four  factors  selected,  were  not 
available  for  some  cities,  or  were  too  far  out  of 
date  to  be  used  with  assuranc*e. 

A  considerable  range  in  economic  activity  is 
represented  in  this  group  of  cities.  Employment 
in  retail  trade  and  manufacturing  together  ac- 
count for  more  than  one-half  the  total  employment 
in  all  58  cities  and  more  than  80  percent  in  31 
of  the  58  cities.  The  distribution  of  employment 
between  these  two  factors,  however,  varies  from 
five  persons  employed  in  retail  trade  for  every  per- 
son in  manufacturing  in  Clovis,  New  Mex.,  to  one 
person  in  retail  trade  for  every  six  persons  in 
manufacturing  in  Anderson,  Ind.   (table  2). 

When  cities  are  arrayed  in  order  of  the  retail 
trade-manufacturing  employment  ratio,  a  progres- 
sive group  classification  can  be  made  ranging 
from  a  group  dominant  in  retail  trade  with  a 
ratio  of  1:0.2  through  cities  of  decreasing  retail 
trade  importance  to  a  group  dominant  in  manu- 
facturing with  a  ratio  of  1:4.2  (table  2).  Group 
averages  for  employment  per  100  population  ar- 
ranged in  the  same  group  sequence  increases  from 
15  to  36  percent.  Employment  in  service  trades 
tends  to  increase  with  dominance  of  retail  trade 
and,  generally  speaking,  population  growth  tends 
to  be  greatest  in  the  cities  showing  greatest  domi- 
nance in  retail  trade. 

The  population  increase  of  13.2  percent  in 
group  V  cities  is  apparently  inconsistent  with 
the  trend  evident  in  the  other  groups  and  in  rela- 
tion to  employment  ratios.  One  of  the  cities  in 
this  group,  Columbus,  Ind.,  is  located  near  Camp 
Atterbury,  and  the  exceptional  population  growth 
of  56.5  percent  in  the  10-year  period  1940-50  may 
In-  due  to  this  proximity.  Wabash,  Seymour,  and 
Decatur,  all  in  Indiana,  are  also  in  this  group 
and  show  population  growth  contrary  to  the  ap- 
parent trend.  These  cities  and  Columbus,  accord- 
ing to  the  census  of  manufactures,  show  increased 
industrial  activity  from  50  to  120  percent  in  pro- 
duction workers  in  the  1937-47  period,  whereas 
other  cities  in  this  group  show  increases  of  less 
than  25  percent. 

Individual  cities  vary  somewhat  from  these 
group  averages  as  might  be  expected,  and  8  of 
the  58  cities  do  not  seem  to  fit  any  of  the  5 
groups.  Whether  other  or  additional  groupings 
would  be  significant  if  more  cities  could  be  in- 
cluded  is  conjectural. 

Group  I  Cities 

Retail  trade-manufacturing  employment  ratio 
ranges  from  1:0.2  to  1:0.4  with  an  average  of 
1:0.23  for  the  eight  cities  in  this  group.  Employ- 
ment  in  manufacturing  is  less   than  20  percent. 
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Table  2. — Population  and  employment  in  58  cities  in  which  comparable  parking  studies  have  been  made 


i 


City 
ized 

lion       I  1840-50 


Employ- 
ment 
per  100 
popula- 
tion of 
city 


Persons  employed  in- 


Manufacturing 


Number 


Distri- 
bution 


Retail  trade 


Number 


Distri- 
bution 


Wholesale  trade 


Number 


Distri- 
bution 


Service  trades 


„       .  Distri- 

Number       bution 


Total 


Number 


Distri- 
bution 


Group  I  Cities 


Miami,  Fla. 

Corpus  Christi,  Tex. 

Albuquerque,  N.  Mex.. 

Charles,  La. 

Idaho 

Ne.v.    

Roswcil,  N.  Mex. 


458.6 

122.9 
1  96.8 
41.3 
34.4 
32.5 
25.7 
17.3 


Percent 
44.8 
89.0 
173.1 
94. G 
31.6 
52.4 
90.9 
72.1 


19.0 
12.2 
12.2 
11.5 
19.8 
24.9 
10.8 
11.0 


Thousands 
7.1 
2.6 
1.5 
0.6 
0.8 
0.7 
0.3 
0.2 


Percent 

15.0 
17.6 
12.4 
13.7 
I  1.8 

9.0 
12.4 

8.8 


Thousands 
22.5 
7.2 
6.4 
2.5 
3.5 
3.5 
1.7 
1.1 


Percent 
47.5 
47.7 
53.7 
53.2 
50.9 
42.9 
59.4 
55.8 


Thousands 
8.4 
2.5 
1.9 
0.8 
1.4 
0.8 
0.3 
0.3 


Percent 
17.8 
17.0 
16.3 
16.5 
20.2 
9.6 
10.4 
16.9 


Thousands 
9.3 
2.7 
2.1 
0.8 
1.1 
3.1 
0.5 
0.3 


Percent 
19.7 

17.7 
17.6 
16.6 

17.1 
38.5 
17.8 
18.5 


Thousands 

47.3 

15.0 

11.9 

4.7 

6.8 

8.1 

2.8 

1.9 


Percent 

100.0 

1: 

100.0 

1: 

100.0 

1: 

100.0 

1  : 

100.0 

1: 

100.0 

1: 

100.0 

1: 

100.0 

1  : 

Group  II  Cities 


Dallas,  Tex 

Jacksonville,  Fla 

Wichita,  Kans 

Spokane,  Wash 

Lincoln,  Nebr. 

Topeka,  Kans 

Monroe,  La. 

Alexandria,  La. 

Walla  Walla.  Wash. 


538.9 

242.9 

194.0 

176.0 

99.5 

89.1 

38.6 

34.9 

24.1 


47.4 
18.2 
46.4 
32.6 
20.6 
16.2 
36.3 
29.0 
33.0 


25.3 
21.1 
17.0 
16.0 
19.6 
15.7 
20.0 
17.6 
19.0 


34.2 
12.2 
9.6 
6.5 
7.3 
4.8 
1.7 
1.6 
1.2 


31.2 
28.3 
29.1 
25.2 
37.4 
34.0 
22.8 
26.1 
25.3 


37.0 

15.0 

12.9 

10.5 

8.0 

5.8 

3.3 

2.7 

2.1 


33.7 
34.9 
39.1 
40.6 
41.3 
41.5 
42.3 
44.7 
46.0 


25.2 
9.4 
5.7 
5.4 
2.0 
1.7 
1.4 
0.8 
0.7 


22.9 
21.8 
17.3 
20.8 
10.1 
12.2 
17.8 
12.2 
14.5 


13.5 
6.5 
4.8 
3.5 
2.2 
1.7 
1.3 
1.0 
0.6 


12.2 
15.0 
14.5 
13.4 
11.2 
12.3 
17.1 
17.0 
14.2 


109.9 

43.1 

33.0 

25.9 

19.5 

14.0 

7.7 

6.1 

4.6 


100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 


Group  III  Cities 


Baltimore,  Md 

Seattle,  Wash 

Portland,  Oreg 

Memphis,  Tenn 

Omaha,  Nebr. 

Richmond,  Va 

Knoxville,  Tenn. 

Charlotte,  N.  C 

Portsmouth,  N.  H. 
West  Chester,  Pa.  „ 
Frankfort,  Ind 


1,161.8 

621.5 

512.6 

406.0 

310.3 

258.0 

148.2 

140.9 

18.8 

15.2 

15.0 


10.5 
27.0 
22.3 
35.2 
12.2 
19.3 
11.8 
32.8 
27.0 
14.1 
9.6 


25.0 
24.8 
24.1 
21.1 
24.6 
29.3 
26.4 
27.0 
18.0 
22.9 
16.2 


120.9 

51.0 

50.2 

43.5 

33.8 

37.5 

33.2 

38.7 

25.4 

41.2 

28.0 

41.5 

19.3 

49.3 

13.5 

37.3 

2  1.4 

41.9 

1.8 

51.1 

1.2 

48.7 

69.3 

29.2 

34.2 

29.5 

30.5 

33.9 

27.6 

32.3 

17.7 

28.8 

22.2 

32.8 

11.4 

29.2 

10.6 

29.3 

1.3 

39.5 

1.4 

39.6 

1.0 

41.8 

26.2 

11.0 

20.0 

17.3 

15.8 

17.5 

15.1 

17.6 

11.7 

19.0 

11.0 

16.2 

4.5 

11.5 

8.1 

22.4 

0.3 

8.6 

0.1 

2.2 

0.1 

3.6 

20.8 
11.3 
10.0 
9.7 
6.8 
6.4 
3.9 
4.0 
0.4 
0.2 
0.1 


8.8 

9.7 

11.1 

11.4 

11.0 

9.5 

10.0 

11.0 

10.0 

7.1 

5.9 


237.2 

115.7 

90.1 

85.6 

61.6 

67.6 

39.1 

36.2 

3.4 

3.5 

2.4 


100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 


Group  IV  Cities 


St.  Louis,  Mo 

Louisville,  Ky. 

Toledo,  Ohio 

Syracuse,  N.  Y. 

Chattanooga,  Tenn 

Allentown,  Pa 

Lynchburg,  Va 

Easton,  Pa • 

Huntington,  Ind 


1,400.0 

472.7 

364.3 

265.3 

167.8 

1  106.8 

47.7 

35.6 

15.0 


5.0 
15.7 
7.5 
7.1 
2.2 
10.2 
7.2 
6.1 
8.5 


36.2 
28.2 
36.8 
30.2 
37.2 
36.2 
31.9 
35.1 
29.7 


173.0 

55.S 

55.6 

53.7 

59.5 

61.6 

35.3 

53.0 

30.6 

62.6 

24.2 

62.5 

8.8 

57.8 

7.3 

58.4 

3.1 

69.0 

67.6 

21.8 

24.4 

23.6 

22.4 

23.2 

18.1 

27.3 

10.5 

21.6 

9.4 

24.3 

4.0 

26.1 

3.7 

29.5 

1.1 

24.5 

45.1 

14.6 

13.6 

13.0 

8.2 

8.5 

7.6 

11.4 

3.7 

7.5 

2.9 

7.5 

1.1 

7.3 

0.6 

5.0 

0.2 

3.5 

24.3 
10.0 
6.5 
5.5 
4.0 
2.2 
1.3 
0.9 
0.1 


7.8 

310.0 

100.0 

9.7 

103.6 

100.0 

6.7 

96.6 

100.0 

8.3 

66.5 

100.0 

8.3 

48.8 

100.0 

5.7 

38.7 

100.0 

8.H 

15.2 

100.0 

7.1 

12.5 

100.0 

3.0 

4.5 

100.0 

Group  V  Cities 


Cleveland,  Ohio  __ 
Providence,  R.  I. . 
New  Haven,  Conn. 

I;   ."ling,  Pa 

Gary,  Ind 

Pawtucket,  R.  I. ._ 
Anderson,  [lid. 

Kokomo,  Ind 

Pottstown,  Pa. 

Columbus,  Ind 

Wabash,  Ind 

Seymour.  Ind. 
Decatur,  Ind 


1,383.6 

583.3 

244.8 

154.9 

1  133.9 

J81.4 

46.8 

38.7 

22.6 

18.4 

10.6 

9.6 

7.3 


4.2 
-1.9 

2.4 
-1.1 
19.9 

7.4 
12.6 
14.4 
11.9 
56.5 
10.0 
11.7 
24.1 


38.8 
16.3 
22.7 
26.6 
34.6 
34.1 
27.1 
38.0 
50.3 
44.4 
49.9 
46.7 
44.1 


223.6 

63.1 

61.2 

64.4 

33.5 

60.2 

27.1 

65.8 

35.6 

76.8 

20.9 

75.4 

22.9 

82.0 

11.1 

75.5 

8.9 

78.3 

6.0 

73.2 

3  4.3 

82.2 

3.3 

73.9 

2.5 

76.9 

68.9 
19.6 
11.1 
9.0 
7.5 
4.9 
3.6 
2.7 
1.8 
1.6 
0.8 
0.9 
0.5 


19.5 
20.7 
20.0 
21.8 
16.3 
17.6 
13.1 
18.2 
16.1 
19.0 
14.6 
20.0 
16.8 


36.9 
8.1 
6.7 
2.5 
1.1 
0.8 
0.5 
0.4 
0.4 
0.4 
0.1 
0.1 
*  0.1 


10.4 
8.5 

12.0 
6.0 
2.4 
3.1 
1.7 
2.6 
3.1 
5.0 
2.0 
2.8 
4.1 


24.9 
6.1 
4.3 
2.6 
2.1 
1.1 
0.9 
0.5 
0.3 
0.2 
0.1 
0.1 
0.1 


7.0 
6.4 
7.8 
6.4 
4.5 
3.9 
3.2 
3.7 
2.5 
2.8 
1.2 
3.3 
2.2 


354.3 

95.0 

55.6 

41.2 

46.3 

27.7 

27.9 

14.7 

11.4 

8.2 

5.3 

4.4 

3.2 


100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
100.0 
10O.0 


Cities  not  Readily  Classified  by  Groups 


Harrisburg,  Pa. 
Evansville,  Ind. 

Norristown,  Pa 

l  Iniontown,  Pa 

Anderson,  S.  C 

Meadville,  Pa 
Martinsville,  Va. 
Stevens  Point,  Wis. 


169.6 
137.6 
38.1 
20.5 
19. S 
19.0 
17.2 
16.6 


6.7 
32.5 
-0.1 

0.3 

1.8 
-6.2 
71.1 

5.0 


14.6 
29.1 
19.8 
32.5 
27.1 
20.5 
24.7 
20.3 


8.7 

35.1 

25.2 

63.0 

4.1 

54.9 

2.1 

31.6 

2.4 

44.5 

1.4 

36.9 

2.6 

59.5 

1.7 

49.9 

9.2 
8.8 
2.5 
3.3 
2.2 
1.9 
1.2 
1.1 


37.2 
21.9 
32.7 
48.5 
40.6 
47.9 
28.6 
31.4 


4.1 
3.3 
0.4 
0.7 
0.3 
0.2 
0.1 
0.3 


16.6 
8.2 
5.3 

10.8 
5.9 
4.4 
3.2 


2.7 

11.1 

2.8 

6.9 

0.5 

7.1 

0.6 

9.1 

0.5 

9.0 

0.4 

10.8 

0.4 

8.7 

0.3 

9.1 

24.7 

100.0 

40.1 

100.0 

7.5 

100.0 

6.7 

100.0 

5.4 

100.0 

3.9 

100.0 

4.3 

100.0 

3.4 

100.0 

Summary 


Group  II  . 
Group  Hi 

Group  V 


81.1 

15.2 

31.1 

19.0 

20.2 

23.6 

7.7 

33.5 

13.2 

36.4 

1.7 

12.6 

8.8 

28.8 

29.9 

43.8 

44.2 

59.4 

35.5 

72.9 

6.1 
10.8 
20.6 
17.9 
10.2 


51.4 
40.5 
33.3 
24.6 
18.0 


2.0 

15.6 

5.8 

16.6 

10.3 

13.3 

9.2 

8.7 

4.5 

4.9 

2.5 

20.4 

3.9 

14.1 

6.7 

9.6 

6.1 

7.3 

3.3 

4.2 

12.3 
29.3 
67.5 
77.4 
53.5 


100.0 
100.0 
100.0 
100.0 
100.0 


nly. 

rr.ployment  in  nearby  U.  S.  Navy  Yard. 
ount>'  ■'"  •  n  place  employment  volume  is  not  available. 
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Employment  per  100  population  varies  from  10.8 
to  24.9  and  averages  15.2.  This  group  also  in- 
cludes the  fastest  growing  cities  of  all  the  cities 
studied.  Population  increase  during  the  1940-50 
period  averaged  81.1  percent  (tahle  2). 

Economic  activity  in  this  group  of  cities  is 
-dominantly  in  retail  trade  with  a  much  larger 
proportion  of  employment  (20.4  percent)  in  serv- 
ice trades — hotels,  service  stations,  amusements, 
and  laundries,  cleaning,  and  clothes  repair  estab- 
lishments— than  in  the  average  city  which  is  sel- 
dom more  than  12  percent.  This  high  percentage 
is  an  indication  of  resort  centers  and  higher  than 
average  auto  usage  which  is  synonymous  with 
resorts.  Six  of  these  eight  cities  are  located  in 
such  areas. 

Croup  II  Cities 

Retail  trade  is  dominant  in  ihe  economy  of 
the  cities  in  this  group  but  more  diversification  in 
employment  is  evidenced.  Employment  in  retail 
trade  is  slightly  greater  than  in  manufacturing. 
Employment  in  manufacturing  exceeds  20  percent. 
Employment  in  both  retail  trade  and  manufactur- 
ing comprises  about  two-thirds  of  all  employment 
•covered  by  the  censuses.  Employment  in  service 
trades  is  14.1  percent,  only  a  little  more  than  the 
average  of  all  58  cities.  The  retail  trade-manu- 
facturing employment  ratio  ranges  from  1:0.5  to 
1:0.9.  Employment  per  100  population  varies 
from  15.7  to  25.3  with  an  average  of  19.0. 

Population  increase  averages  31.1  percent  for 
the  10-year  period  1940—50  with  the  newer  cities 
slio wing  more  increase  than  the  cities  which  were 
-well  established  before  the  advent  of  the  auto- 
mobile. 

Group  III  Cities 

Economic  activity  in  this  group  of  cities  may 
be  considered  to  be  nearly  balanced,  at  least  with 
respect  to  employment  in  retail  trade  and  in 
manufacturing.  Employment  in  manufacturing  is 
the  greater  of  the  two  but  less  than  50  percent  of 
the  total.  The  retail  trade-manufacturing  employ- 
ment ratio  ranges  from  1:1.1  to  1:1.7  with  an 
average  of  1:1.3.  Employment  per  100  population 
varies  from  16.2  to  29.3  and  averages  23.6.  Em- 
ployment in  service  trades  is  generally  11  percent 
or  less. 

Population  increase  averaged  20.2  percent  dur- 
ing the  1940—50  period.  Here  again  may  be  noted 
the  differences  in  pattern  of  cities  which  have 
experienced  the  greater  portion  of  their  growth 
since  the  advent  of  the  automobile,  and  those 
which  were  fully  developed  as  cities  before  the 
automobile  became  a  means  of  transportation. 

Group  IV  Cities 

Economic  activity  in  these  cities  is  dominantly 
in  manufacturing,  although  employment  in  retail 
trade  represents  nearly  one-third  of  the  employ- 
ment in  some  instances.  The  retail  trade-manu- 
facturing employment  ratio  ranges  from  1 :2.0  to 
1 :2.9,  and  averages  1 :2.5  for  the  group  as  a  whole. 
Employment  in  retail  trade  is  more  than  20  per- 
cent. Employment  per  100  population  varies  from 
28.2  to  37.2  and  averages  33.5.  Employment  in 
service  trades  is  low,  7.3  percent  of  all  employ- 
ment. 


Population  increase  in  this  group,  on  the  aver- 
age, is  less  than  that  in  the  first  three  groups  and 
averages  7.7  percent  for  the  group  as  a  whole. 
This  is  somewhat  less  than  the  average  for  all 
cities  in  the  country.  No  "new"  cities  are  rep- 
resented in  this  group.  All  were  established  urban 
communities  before  the  development  of  the  auto- 
mobile, although  all  have  shown  some  growth 
during   this    period. 

Group  V  Cities 

The  economic  activity  in  this  group  of  cities  is 
dominantly  industrial  in  character,  as  is  indicated 
by  the  relatively  high  proportion  of  employment 
in  manufacturing  in  comparison  with  that  in  re- 
tail trade.  The  retail  trade-manufacturing  em- 
ployment ratio  ranges  from  1:3.0  to  1:6.4  and 
averages  1:4.2.  Employment  per  100  population 
varies  from  a  low  of  16.3  to  a  high  of  50.3  and 
averages  36.4.  Employment  in  service  trades  is 
low,  averaging  4.2  percent  of  all  employment. 

Rank-size  Rule 

After  having  established  these  groupings  of 
cilics  by  recognizing  differences  in  certain  eco- 
nomic characteristics,  it  should  be  possible  to 
determine  whether  the  relative  amount  of  park- 
ing differs  for  these  different  groups;  and  if  so, 
how  it  differs,  and  if  these  differences  can  be 
estimated. 

The  rank-size  rule  suggests  one  method  for 
making  such  a  determination.  Economists  for 
many  years  have  recognized  an  empirical  relation 
which  exists  in  the  distribution  of  urban  popula- 
tion in  large  continental  areas.  4  It  was  first  rec- 
ognized in  Europe  where  it  appeared  that  the 
economy  of  cities  was  somehow  interconnected 
in  spite  of  national  boundaries.  Regardless  of 
change  in  population  over  the  years,  if  all  cities 
are  arranged  in  order  of  population  for  any  census 
period,  the  ratio  of  the  population  of  any  one 
city  to  the  population  of  the  largest  city  is  ap- 
proximately the  same  as  its  rank. 

The  rank-size  rule  means  that  the  10th  largest 
city  is  about  one-tenth  the  size  of  the  largest 
city,  and  the  100th  largest  city,  one-hundredth  the 
size  of  the  largest  city.  In  the  United  States, 
for  example,  the  urbanized  area  of  New  York 
has  a  population  of  12.30  million  persons.  Ac- 
cording to  this  theory  the  10th  largest  city  should 
have  a  population  of  about  1.23  million.  Actually 
Cleveland,  the  10th  largest  urbanized  area,  had  a 
population  of  1.38  million  persons  in  1950.  The 
100th  largest  city,  the  Bristol-New  Britain  urban- 
ized area  in  Connecticut,  had  a  population  of 
123,079,  almost  exactly  one-hundredth  the  size  of 
New  York. 

This    relation  5    has    been    stated    as    r.P'1  =  K 
where  r  =  rank  of  a  particular  city  in  population. 
P  =  population  of  the  particular  city, 
q    =    constant    (in  the  United  States  =  1 

approximately) . 
K  —  constant  for  largest  city  population  in 
the  group    (in  the  United  States  this 
would  be  New  York  where  r  =    1). 


■»  Christaller,  Loesch,  Stouffer,  Zipf,  Isard,  among 
others. 

■">  Quarterly  Journal  of  Economics.  Harvard  Univer- 
sity,  May   1951. 


With  the  population  of  an  individual  city  so 
closely  determined  by  its  rank  in  relation  to  all 
cities,  it  would  appear  reasonable  to  assume  that 
the  economy  of  each  city  might  also  have  some 
similar  relation  to  that  of  the  other  cities,  and 
further  that  communication  and  transportation 
might  also  reflect  some  relation  to  this  economic 
activity  in  the  interchange  of  goods  and  persons. 
Inasmuch  as  the  stores  and  office  buildings  where 
much  of  this  interchange  takes  place  are  usually 
clustered  in  the  downtown  area  of  most  cities,  it 
is  reasonable  to  study  those  factors  which  are  cen- 
tered there  or  which  are  dependent  on  that  area 
as  a  center  of  a  much  larger  trading  area. 

Factors  Used  in  Ranking 

These  58  cities  were  ranked  in  four  different 
ways:  (1)  in  order  of  urban  population,  (2)  in 
order  of  volume  of  retail  sales  of  general  merchan- 
dise, apparel,  and  furniture  (G.A.F.  sales),  (3) 
in  order  of  employment  in  manufacturing,  and 
(4)  in  order  of  number  of  parkers.  These  are 
detailed  in  table  3.  Other  factors  involving  em- 
ployment in  retail  trade,  motor-vehicle  ownership, 
and  gasoline  service  station  sales  were  also  tested, 
but  were  discarded  since  it  appeared  that  they 
duplicated  one  of  the  other  rankings  or  were  in- 
complete for  some  of  the  cities. 

The  purpose  of  making  these  rankings  is  to 
determine  if  similar  proportional  relations  might 
exist  with  respect  to  parking  volumes  as  exist 
with  respect  to  population,  or  if  some  patterns  in 
ranked  position  might  be  typical  of  certain  eco- 
nomic characteristics. 

Information  for  establishing  proportional  rela- 
tions with  respect  to  parking  volumes  proved  to 
be  inadequate  because  the  largest  parking  volume 
and  the  city  having  the  largest  parking  volume 
are  unknown,  and  because  58  studies  are  too  few 
to  establish  a  ranking  representative  of  all  cities 
in  the  United  States.  Fifty-eight  cities  represent 
but  2.4  percent  of  all  cities  of  5,000  population 
or  more. 

When  the  rankings  of  these  factors  for  each 
city  were  compared,  five  fairly  distinct  patterns 
were  apparent  if  the  pattern  with  respect  to  park- 
ing is  omitted.  Examination  of  the  cities  in  each 
of  these  five  patterns  revealed  the  fact  that,  with 
but  a  few  exceptions,  the  cities  were  the  same 
as  those  grouped  according  to  similarity  of  eco- 
nomic factors.  Accordingly,  a  pattern  represent- 
ing the  averaged  ranked  positions  for  each  group 
was  developed  as  being  characteristic  of  that 
group.  Of  the  remaining  eight  cities  four  have 
patterns  similar  to  one  of  the  five  ranked  patterns, 
but  nol  having  economic  characteristics  classifi- 
able in  the  five  groups,  they  have  been  omitted 
from  further  comparisons.  The  remaining  four 
have  some  eccentricity  which  does  not  seem  to  fit 
any  of  the  five  patterns.  After  having  recognized 
these  general  pal  terns,  the  ranked  characteristics 
of  the  factors  including  parking  are  discussed  for 
each  of  the  economic  groups. 

Group  I  Cities 

The  characteristic  pattern  of  the  rankings  of 
the  four  factors  in  the  eight  cities  in  group  I  finds 
the  ranked  position  of  urban  population  and 
C.A.F.    sales    almost    the    same,    employment    in 
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-Hanked  position  with  respect  to  urban  population,  G.A.F.  sales,  employment  in 
manufacturing,  and  parking  in  58  cities  in  which  comparable  studies  have  been  made 


City  and  State 


Ranked  position  in — 


St.  Louis,  Mo 

Cleveland,  Ohio_ 

"iore,  Md. 

» 
idence,  R.  I. 


Dallas,  Tex.  __ 
Portland,  Oreg. 
Louisville,  Ky.  .. 

Miami,  Fla 

Memphis,  Tenn. 


Toledo.  Ohio      

Omaha,  Nebr 

Syracuse,  N.  Y. 

Richmond,  Va. 

New  Haven,  Conn. 


nville,  Fla 

Wichita,  Kans 

Spokane,  Wash 

Harrisburg,  Pa 

Chattanooga,  Tenn.^ 


Reading,  Pa 

Knoxville,  Tenn. 
Charlotte,  N.  C._ 
Evansville,  Ind._ 
Gary,  Ind 


Corpus  Christi,  Tex.„_ 

Allentown,  Pa. 

Lincoln,  Nebr. 

Albuquerque,  N.  Mex. 
Topeka,  Kans 


Pawtucket,  R.  I._. 

Lynchburg,  Va 

Anderson,  Ind. 

Lake  Charles,  La. 
Kokomo,  Ind 


Monroe,  La 

Norristown,  Pa._ 

Easton,  Pa.    

Alexandria,  La._ 
Boise,  Idaho 


Reno,  Nev 

Roswell,  N.  Mex 

Walla  Walla,  Wash. 

Pottstown,  Pa 

Uniontown,  Pa 


Anderson,  S.  C. 

Meadville,  Pa _. 

Portsmouth,  N.  H. 

Columbus,  Ind 

Clovis,  N.  Mex 


Martinsville,  Va.  .__ 
Stevens  Point,  Wis._ 
West  Chester,  Pa.__. 

Huntington,  Ind 

Frankfort,  Ind 


Wabash,  Ind. . 
Seymour,  Ind. 
Decatur,  Ind., 


Urbanized 

area 
population 


G.A.F. 
retail  sales 


10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 

27 
28 
29 
30 

31 
32 
33 
34 
35 

36 
37 
38 
39 

40 

41 
42 
43 

44 
45 

46 
47 
48 
49 
50 

51 
52 
53 
54 
55 

56 
57 
58 


1 

2 

5 

12 


8 
11 

7 

9 
13 
14 
10 
16 

15 
18 
19 
21 
23 

24 
17 
22 
26 
25 

28 
20 
27 
29 
30 

31 
37 
38 
41 
42 

34 
40 
32 
39 
33 


47 
44 
45 
35 

43 
46 
53 
51 
52 

48 
50 
49 
54 
65 

57 
56 
58 


Employment  in 
manufacturing 


2 
1 
3 

7 
4 

10 
11 
6 
32 
13 

5 

17 

9 

15 

12 

24 
26 
33 
29 

14 

16 
22 
23 

18 
8 

40 
19 
30 


21 
28 
20 
55 
25 

45 
37 
31 
48 
54 

56 
57 
52 
27 
44 

43 
50 
51 
34 
58 

41 
47 
46 
39 
53 

36 
38 
42 


Number  of 
parkers 


6 
18 


4 
9 

7 
17 

11 
14 
19 
10 
28 

12 
5 
16 
26 
24 

29 
37 
21 
20 
32 

27 
30 
15 
22 
13 

40 
31 
49 
44 
46 

45 

38 
34 
47 
25 

23 
33 
41 
39 
35 

36 
43 
56 
48 
42 

54 
53 
50 
51 
55 

52 

57 

58 


manufacturing  considerably  lower,  and  parking  in 
a  higher  ranking  position.  For  the  group  as  a 
whole,  the  average  city  ranks  about  17  places 
lower  in  employment  in  manufacturing  than  in 
population,  while  parking  ranks  8  places  higher 
than  population  (fig.  1).  These  differentials  are 
not  so  great  in  the  larger  cities  probably  for  the 
reason  that  fewer  cities  are  represented  in  the 
upper  range  of  values,  and  hence  there  is  less 
change  in  ranked  position.  The  patterns  with 
relation  to  employment  in  manufacturing,  popula- 
G.A.F.  sales  are  nearly  all  similar. 

low    income    and    consequently    low 
ownership,  travel,  and  hence  park- 
ing may  be  the  influence  which  positions  parking 
ake   Charles  in   an   opposite   direction    from 
it   of   other  cities  in   this   group.    The  ranked 
posiiion  of  parking  for  Corpus  Christi  is  not  as 
high    relatively    as    for    the    other    cities    in    this 
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group.  It  is  a  resort  city  but  the  1:0.4  retail 
trade-manufacturing  ratio  is  lower  than  the  aver- 
age for  the  group   (table  3). 

Group  II  Cities 

The  characteristic  pattern  of  the  rankings  of 
the  four  factors  for  the  nine  cities  in  group  II 
shows  a  similarity  to  group  I,  but  with  less  dif- 
ferentials in  rank  between  employment  in  manu- 
facturing, parking,  population,  and  G.A.F.  sales. 
The  average  city  in  this  group  ranks  about  eight 
places  lower  in  employment  in  manufacturing 
than  in  population,  and  about  the  same  amount 
higher  in  parking  (fig.  1).  The  patterns  of  the 
three  economic  factors  other  than  parking  are 
similar. 

The  rank  of  parking  in  Wichita,  Lincoln,  and 
Topeka  with  respect  to  population  is  greater  than 


in  other  cities  in  this  group — almost  as  much  as 
for  group  I  cities.  These  three  cities  have  rela- 
tively wide  streets  and,  with  angle  parking  per- 
mitted at  some  curbs,  have  larger  numbers  of 
curb  spaces  available  than  in  the  average  city. 
Lincoln  and  Topeka  are  both  centers  of  govern- 
ment employment  which  is  not  included  in  the 
computation  of  employment  ratios.  With  many 
government  employees  parking  in  the  downtown 
area  twice  a  day  as  they  do  in  the  cities  of  this 
size  —  going  home  for  lunch  —  the  number  of 
parkers  is  duplicated  to  some  extent.  This  could 
account  for  the  increased  rank  position  of  these 
cities  with  respect  to  parking  (table  3) . 

The  ranked  position  of  parking  in  Alexandria 
and  Monroe,  La.,  is  lower  than  for  other  cities 
in  this  group.  Low  parking  with  respect  to  popu- 
lation and  G.A.F.  sales  is  characteristic  of  cities 
where  the  economy  is  dominated  by  manufactur- 
ing, but  this  is  not  the  case  in  these  two  cities. 
It  appears  as  in  the  case  of  Lake  Charles  that 
for  the  city  as  a  whole,  they  are  low  income  cities 
which  means  low  purchasing  power,  low  car  own- 
ership, and  hence,  low  parking  volumes. 

Group  III  Cities 

The  characteristic  pattern  of  the  rankings  of  the 
four  factors  for  11  cities  in  group  III  shows  the 
rankings  to  be  approximately  the  same  for  all 
factors.  There  is  a  tendency  for  the  differential 
in  ranking  to  be  less  in  the  larger  cities  as  in  the 
other  groups.  For  the  group  as  a  whole,  there 
is  less  than  one  position  variation  in  rank  in  any 
one  of  the  factors  with  relation  to  any  of  the 
other  factors  (fig.  1).  A  spread  of  five  or  six 
positions  between  high  and  low  rankings  for  the 
four  factors  is  not  significantly  different  for  indi- 
vidual cities,  particularly  in  the  smaller  cities 
where  six  cities  lie  between  the  50th  and  55th 
positions  inclusive  for  population  with  a  variation 
between  15,000  and  17,300  persons  (table  3). 

The  ranked  position  of  parking  in  Memphis, 
Baltimore,  and  Knoxville  is  somewhat  less  than 
for  the  group  as  a  whole.  In  these  cities,  as  in 
the  three  Louisiana  cities,  the  proportion  of  non- 
white  population  is  large,  the  purchasing  power 
less  than  average,  and  hence  automobile  owner- 
ship and  parking  could  be  expected  to  be  less, 
but  all  of  the  cities  in  this  group  have  similar 
patterns  with  relation  to  employment  in  manu- 
facturing, population,  and  G.A.F.  sales. 

Group  IV  Cities 

The  characteristic  pattern  of  the  rankings  of  the 
four  factors  for  the  nine  cities  in  this  group  shows 
no  appreciable  difference  as  far  as  population, 
G.A.F.  sales,  and  parking  is  concerned.  Ranking 
with  respect  to  employment  in  manufacturing  for 
the  group  as  a  whole  is  about  six  positions  higher 
than  for  other  factors.  The  reason  for  the  up- 
swing in  ranked  positions  for  parking  in  Lynch- 
burg is  not  apparent.  It  has  similar  patterns  of 
rank  with  respect  to  the  other  three  factors. 

Group  V  Cities 

The  characteristic  pattern  of  the  rankings  of 
the  four  factors  for  the  13  cities  in  this  group 
shows  a  reversal  in  position  with  respect  to  the 
cities  in  group  I.    Generally  speaking,  the  cities 
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Figure  1. — Relative  rank  of  parking,  employment  in  manufacturing,  and  G.A.F.  sales  with 
respect  to  population  in  five  groups  of  cities  in  which  com  parable  parking  studies  have 
been  made. 


in  this  group  rank  higher  by  about  12  positions 
in  manufacturing  than  in  population.  Ranking  in 
G.A.F.  retail  sales  is  about  three  positions  lower 
than  population,  and  parking  is  about  five  posi- 
tions lower  than  that  (fig.  1).  Here  again  the  dif- 
ferential in  ranking  is  less  in  larger  cities. 

The  patterns  of  the  ranked  positions  of  Potts- 
town.  Pa.,  and  Columbus  and  Wabash,  Ind.,  show 
a  relative  higher  ranking  for  parking  than  for  the 
group  as  a  whole.  The  actual  differences  in  rank 
for  these  cities  represent  relatively  small  volumes 
of  parkers.  Pottstown,  for  example,  although 
ranked  39th  in  parking  with  10,600  parkers,  is 
less  than  10  percent  greater  than  the  45th  city 
having  9,600  parkers. 

Where  a  given  city  in  group  I  has  a  ranked 
position  with  respect  to  population  of  P,  it  will 
generally  have  a  ranked  position  with  respect  to 
parking  of  P  —  8.3  although  some  judgment  should 
be  used  when  the  cities  under  consideration  are 
at  the  extreme  ends  of  the  rankings  (table  4). 
This  is  shown  graphically  in  figure  1. 

If  the  groupings  which  have  been  established 
were  based  only  on  rank-size  patterns,  Norris- 
town,  Pa.,  Martinsville,  Va.,  Stevens  Point,  Wis., 
and  Meadville,  Pa.,  would  also  be  included  in  one 
of  the  groups.  Ranked  position  of  the  remaining 
four  cities  do  not  seem  to  fit  any  of  the  five  pat- 
terns, nor  are  there  enough  studies  involving  pat- 
terns of  their  type  to  suggest  more  than  five  pat- 
terns of  rank-size  characteristics.  Reasons  for  their 
eccentricities  are  not  apparent. 

Consideration  of  these  rank-size  patterns  seems 
to  confirm  the  groupings  of  cities  made  on  a  basis 
of  economic  classification  and  to  indicate  that  with 
known  ranked  positions  of  population,  G.A.F. 
sales,  and  employment  in  manufacturing,  a  defi- 
nite relative  ranked  position  in  parking  can  be 
expected  to  follow.  Further,  it  appears  that  with 
known  parking  volumes  for  each  rank  (fig.  2),  the 
volume  of  parking  can  be  estimated  for  cities  in 
which  parking  studies  have  not  yet  been  made, 
but  which  can  be  properly  grouped  by  use  of  the 
economic  factors. 
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G.A.F.  Sales,  Population,  and  Parking 

The  second  approach  to  this  study  is  the  rela- 
tion of  G.A.F.  sales,  population,  and  parking. 6 
Kenneth  C.  Welch,  vice  president  of  the  Grand 
Rapids  Store  Equipment  Co.,  has  studied  the  rec- 
ords of  the  Comptroller's  Congress  and  of  other 
agencies  summarizing  data  relative  to  retail  sales 
over  a  period  of  more  than  20  years.  As  a  result 
of  these  studies,  a  relation  was  developed  between 
parking  area  requirements  and  the  retail  sales 
dollar.  When  this  subject  was  presented,  hope 
was  expressed  that  this  relation  could  be  given 
further  study  under  a  wider  range  of  conditions 
and  with  more  data.    The  completion  of  reports 


0  See  footnote   3,   p.  249. 


on  parking  studies  in  more  than  50  cities  pro- 
vides quantitative  information  about  parking  vol- 
umes for  the  central  business  district.  The  census 
of  business  for  1948  provides  information  on  the 
volume  of  retail  sales  in  each  city.  Some  of  this 
volume  accrues  to  stores  which  are  not  necessarily 
part  of  the  downtown  area  and  in  many  instances 
are  not.  Examples  are  food,  lumber,  '  gasoline 
service  stations,  and  drug  stores.  Sales  of  gen- 
eral merchandise,  apparel,  and  furniture,  appli- 
ances and  furnishings  (G.A.F.  sales)  are  generally 
downtown  functions. 

In  this  article  it  has  been  assumed  that  they 
are  a  measure  of  the  retail  sales  in  the  entire 
downtown  area.  There  are  other  functions  in  the 
downtown  area  which  attract  traffic  and  persons 
such  as  recreational  facilities,  professional  serv- 
ices, etc.,  but  from  many  points  of  view  the  down- 
town area  may  be  considered  as  one  big  depart- 
ment store  with  the  many  auxiliary  services  needed 
to  support  the  economy  of  the  trading  area  of  that 
big  store.  The  underlying  principle  of  this  as- 
sumption is  that  parking  requirements  of  a  com- 
munity are  more  closely  allied  to  the  volume 
of  retail  business  than  they  are  to  any  other  single 
factor. 

The  thought  inherent  in  this  basis  for  estimat- 
ing parking  needs  is  that  retail  sales  is  a  source 
of  data  that,  when  analyzed,  provides  a  com- 
munity with  a  true  picture  of  parking  require- 
ments and  not  merely  a  picture  of  an  existing 
parking  pattern.  This  could  be  applied  to  the 
needs  of  large  individual  retail  units  or  a  group 
of  units  comprising  even  the  entire  central  busi- 
ness district.  In  most  cities  of  the  size  under 
consideration,  retail  sales  of  general  merchandise, 
apparel,  and  furniture  and  furnishings  (G.x\.F. 
sales)  are  a  central  business  district  function. 
Other  retail  sales  are  generally  in  "convenience" 
locations  near  consumer  residences  or  near  rail- 
road stations  or  sidings  for  bulky  merchandise. 

There  are  some  nonretail  land  and  structural 
uses   in   most   central   business   districts,   but   the 
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Figure  2. — Number  of  parkings  and  ranked  position  with  respect  to  number  of 
parkings  in  58  cities  in  which  comparable  parking  studies  have  been  made. 
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-Ranked     position     with     respect     to    urban    population,    G.A.F.    retail    sales, 

nt  in  manufacturing,  and  parking  in  58  cities  in  which  comparable    studies 

ha  een  made 


City 
and 


Cleveland,  Ohio 

Providence,  R.  I. 

New  Haven,  Conn.. 

Reading,  Pa 

Gary,  Ind 

Pawtucket,  R.  I. 

Anderson,  Ind ■_. 

Kokumo,  Ind 

Po1  tstown,  Pa. 

Columbus,  Ind 

Wabash,  Ind.    _. 

Seymour,  Ind. 

Decatur,  Ind 


Harrisburg,  Pa 

Evansville,  [nd. 

Norristown,  Pa.- 

Uniontown,  Pa 

A  n.li  rson,  S.  C 

Meadville,  Pa.2 

Martinsville,  Va.-  _. 
Stevens  Point,  Wis.2- 


Ranked  position  x  in — 


Urbanized 

area 
population 


G.A.F. 
retail 
lales 


Employment  in 
manufacturing 


Group  I 


Miami,  Fla. 

Corpus  Christi,  Tex.-. 

Albuquerque,  N.  Mex. 

Lake  Charles,  La 

Boise,  Idaho 

Reno,  Nev 

Roswell,  N.  Mex 

Clovis,  N.  Mex 


Group  I 

Group  II  . 

Group  III 

Group  IV 

Group  V 


9 

26 
29 
(34) 
40 
41 
42 
50 


11 

32 

28 

40 

29 

49 

41) 

(55) 

33 

54 

36 

56 

47 

57 

52 

58 

Group  II 


Dallas,  Tex 

Jacksonville,  Fla 

Wichita,  Kans 

Spokane,  Wash 

Lincoln,  Nebr 

Topeka,  Kans 

Monroe,  La. ,_ 

Alexandria,  La 

Walla  Walla,  Wash. 


6 

16 

17 

18 

28 

30 
(36) 
(39) 

43 


4 
15 
18 
19 
27 
30 
(34) 
(39) 
44 


Group  III 


Baltimore,  Md.    __ 

Seattle,  Wash 

Portland,  Oreg. 

Memphis,  Tenn 

Omaha.  Nehr. 

Richmond,  Va 

Knoxville,  Tenn._ 
Charlotte,  N.  C. 
Portsmouth,  N.  H 
West  Chester.  Pa. 
Frankfort,  Ind 


3 

4 
7 

(10) 
12 
14 

(22) 
23 
48 
53 
55 


2 
5 

6 

(7) 
13 
10 
(17) 
22 
53 
49 
55 


Group  IV 


St.  Louis,  Mo 

Louisville,  Ky 

Toledo,  Ohio 

Syracuse,  N.  Y 

Chattanooga,  Tenn 

Allentown,  Pa 

Lynchburg,  Va 

Easton,  Pa. 

Huntington.  Ind.__ 


11 
13 
20 
27 
(32) 
38 
54 


9 
14 
23 
20 
(37) 
32 
54 


Group  V 


2 

5 

15 

21 
25 
31 
33 

35 
(44) 
(49) 
(56) 

57 

58 


1 
12 
16 
24 
25 
31 
38 
42 
(45) 
(51) 
(57) 
56 
58 


Cities  not  Readily  Classified 


19 
24 
37 
45 
46 
47 
51 
52 


21 
26 
40 
35 
43 
46 
48 
50 


10 
24 
26 

33 

30 

35 
(45) 
(48) 

52 


3 

7 

11 
(13) 

17 

15 
(22) 

23 

51 

46 

53 


2 

6 

5 

9 

14 

19 

(28) 

31 

39 


1 
4 
12 
16 
8 
21 
20 
25 
(27) 
(34) 
(36) 
38 
42 


29 
18 
37 
44 
43 
50 
41 
47 


Relative  Rank  with  Respect  to  Population 


P— 0.1 
P— 0.1 
P— 0.4 
P  +  l.l 
P+2.1 


P  +  16.7 
P+  7.6 
P+  0.6 
P^  6.1 
P—  9.5 


Numbers  of 
parkers 


7 
27 
22 
(44) 
25 
23 
33 
42 


3 
12 
5 
16 
15 
13 
(45) 
(47) 
41 


8 
6 

4 

(17) 
14 
10 

(37) 
21 
56 
50 
55 


1 
9 
11 
19 
24 
30 
(31) 
34 
51 


2 
18 
28 
29 
32 
40 
49 
46 
(39) 
(48) 

f!} 

58 


26 
20 
38 
35 
36 
43 
54 
53 


P— 8.3 
P— 7.6 
P  +  0.5 
P  +  1.0 
P  +  7.7 


irentheses  were  not  used  in  determination  of  average  relative  rank. 

rank  position  but  not  by  employment  ratios   and   population   increase. 


bulk  of  the  total  parking  space  requirements  for 
the  central  business  district  are  those  required  for 
retail  sales  and  professional  offices.  Remaining 
uses  are  not  major  factors  affecting  the  "total 
space  requirements"  for  the  entire  district.  Exist- 
ing land-use  patterns  demonstrate  that  as  much 
as  45  percent  of  the  offstreet  property  is  devoted 
to  retail  sales  purposes,  and  on  an  area  basis  in- 
cluding upper  floors  an  even  greater  proportion 
is  so  used.  The  use  of  gross  sales  to  reflect  park- 
ing requirements  is  thus  suggested  as  a  basis  for 
estimate. 

The  development  of  this  basis  for  estimating 
parking  needs  recognizes  that  the  extremely  large 
cities,  those  of  a  million  population  or  more  and 
even  perhaps  a  few  nearing  that  size,  cannot  pos- 
sibly solve  the  problem  at  the  present  time  under 
existing  urban  land  patterns.  But  in  cities  rang- 
ing up  to  one-quarter  or  one-half  million  people, 
the  size  and  proportions  of  the  central  business 
district  area  remain  in  a  functional  character  in 
a  limited  area,  and  are  not  too  large  in  relation 
to  the  parking  problem  to  be  solved.  There  are 
in  the  central  business  districts  of  these  cities 
extensive  areas  of  land  lying  in  the  submarginal 
areas  commonly  called  blighted  commercial  land. 
These  areas  present  an  excellent  opportunity  for 
providing  parking  as  well  as  recovering  some  lost 
tax  values. 

Classification  of  Retail  Trade 

The  Bureau  of  the  Census  in  its  census  of 
business  classifies  retail  trade  in  three  business 
groups:  convenience  goods,  shopping  goods,  and 
all  others. 

Convenience  goods  include  foods,  drugs,  gen- 
eral stores,  and  gasoline  service  stations  compris- 
ing 36.5  percent  of  all  retail  sales,  but  which  are 
bought  near  home  and  except  in  very  small  cities 
are  not  in  the  central  business  district. 

Shopping  goods  include  general  merchandise, 
apparel,  and  furniture,  the  G.A.F.  group  amount- 
ing to  25.3  percent  of  all  retail  sales  and  are  pre- 
dominantly found  in  the  downtown  areas. 

All  other  groups  include  automobile,  lumber, 
fuel,  eating  and  drinking,  and  other  stores 
amounting  to  38.2  percent  of  all  retail  sales.  Au- 
tomobile sales,  although  at  one  time  in  downtown 
areas,  are  now  generally  located  on  "automobile 
row"  where  land  values  are  cheaper  and  where 
more  space  is  available  for  display  and  garage 
facilities.  Lumber  and  fuel  are  usually  sold  from 
areas  near  railroad  sidings  where  land  values  are 
cheaper  than  in  the  downtown  area,  and  where 
appearance  is  not  a  factor  in  the  esthetic  value 
of  the  neighborhood.  Eating  and  drinking  places, 
even  if  downtown,  do  not  add  much  to  parking 
requirements  during  the  business  day  since  pa- 
trons are  generally  downtown  for  other  reasons 
such  as  work  or  shopping.  In  the  evening  park- 
ing requirements  are  normally  less  and  adequate 
space  is  then  available. 

By  recognizing  that  certain  retail  business  estab- 
lishments are  usually  grouped  in  the  central  busi- 
ness district,  it  is  possible  to  use  1948  census 
figures  on  gross  sales  and  make  estimates  for 
problem  areas  to  the  extent  that  the  statistics  are 
in  common  for  the  area. 

Other  references  are  made  as  to  uses  made  of 
these    same    census    statistics    such    as    those    of 
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Homer  Hoyt  in  his  paper  presented  at  the  Janu- 
ary 1952  meeting  of  the  Highway  Research 
Board.  Sears,  Roebuck  and  Co.  has  used  annual 
retail  sales  of  $10,000  per  car  space  as  a  criterion 
for  planning  their  parking  space  needs.  Super- 
markets have  used  $15,000  per  car  space,  a  larger 
figure  than  Sears,  Roebuck  and  Co.  since  the  time 
per  sales  transaction  is  not  so  long. 

The  relation  of  urbanized  area  population  and 
the  number  of  parkers  per  million  dollars  of  G.A.F. 
sales  is  shown  graphically  in  figure  3,  while  sup- 
porting data  for  each  of  the  58  cities  studied  are 
included  in  table  5.  At  first  glance  it  appears 
that  there  is  a  wide  range  of  values  obtained,  and 
this  is  true  if  no  further  consideration  is  given 
to  differences  in  the  economy  of  individual  cities. 
The  nature  of  dominant  employment  in  cities  is 
an  indication  of  the  economy  of  each  city,  and 
statistics  are  available  from  census  sources  classi- 
fying employment  as  to  manufacturing,  retail 
business,  wholesale  business,  and  service  trades. 

When  the  averages  are  used  for  each  of  the 
conventional  census  population  groups,  the  aver- 
age curve  clearly  indicates  that  a  definite  relation 
exists  between  parking.  G.A.F.  sales,  and  popula- 
tion (figure  3).  It  should  be  noted  that  all  of  the 
cities  in  economic  groups  I  and  II  with  but  two 
exceptions,  Monroe  and  Alexandria,  La.,  are  on 
the  average  curve  or  above  it,  and  the  curve  for 
these  retail  cities  has  been  drawn  to  indicate  a 
reasonable  upper  limit  to  be  expected  for  cities 
within  the  range  of  those  in  these  studies. 

It  appears  that  cities  dominant  in  industry, 
groups  IV  and  V.  are  generally  below  the  aver- 
age curve,  and  the  industrial  curve  has  been 
drawn  as  a  reasonable  lower  limit  for  cities  within 
the  range  of  those  in  these  studies.  Group  III 
cities  are  generally  closer  to  the  average. 

Here  again  it  would  appear  that  knowing  cer- 
tain  economic   characteristics   of   a   city   such   as 
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population,  and  dominance  in  industry  or  retail 
trade,.,  it  should  be  possible  to  estimate  parking 
volumes  for  a  given  city  by  determining  the  group 
of  cities  in  which  the  particular  city  falls,  and 
assuming  that  the  relation  between  parking  and 
G.A.F.  sales  also  holds. 

Statistical  Evaluation 

The  facts  with  respect  to  population,  employ- 
ment, sales,  and  parking  in  the  discussion  on  eco- 
nomic groupings  of  cities  on  rank-size  and  on 
G.A.F.  sales  seem  to  indicate  that  parking  volumes 
bear  some  relation  to  the  basic  economy  of  urban 
areas.  The  third  approach  in  this  analysis  was 
to  make  a  statistical  evaluation  of  whatever 
relation  these  factors  might  have,  so  that  some 
assurance  might  be  placed  on  estimates  of  the 
parking  volumes  as  being  within  reasonable 
limits. 

Before  proceeding  with  the  development  of  an 
equation,  assurance  has  to  be  obtained  that  a 
definite  relation  exists  between  the  particular 
data,  in  this  case  parking  volumes,  and  the  in- 
dependent variables  and  the  extent  of  this  rela- 
tion measured.  By  using  the  multiple  regression 
method,  7  it  is  possible  to  measure  the  degree  of 
reliability  of  an  estimate  derived  from  an  equa- 
tion based  upon  the  interrelation  of  one  series 
of  data  (parking  volumes)  and  independent 
variables  or  factors. 

Factors  Studied 

Seventeen  factors  were  tested  in  31  different 
combinations.  The  maximum  number  of  factors 
used  in  any  combination  was  four  and  many  com- 
binations were  not  tested.  Several  of  the  factors 


1  Methods  of  correlation  analysis  by  Mordecai 
Ezekiel,  John  Wiley  &  Sons.  Inc.,  New  York,  1930, 
chs.  12-13. 
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Figure   3. — Relation    between    urban    population   and  the   number  of  parkers   per   million 

dollars  of  G.A.F.  retail  sales. 
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were  closely  related  with  each  other  such  as 
population,  G.A.F.  sales,  gasoline  filling  station 
sales,  and  the  number  of  employees  in  retail 
and  wholesale  trade.  The  use  of  any  one  of  these 
factors  in  an  equation  duplicated  to  a  large  ex- 
tent the  use  of  the  others  in  this  group.  Factors 
tested  in  relation  to  parking  volumes  are  as 
follows : 

1.  1950  urban  area  population. 

2.  Percent  of  employees  in  manufacturing. 

3.  Percent  of  employees  in  retail  trade. 

4.  Area  of  central  business  district. 

5.  G.A.F.  retail  sales. 

6.  Rural  population  per  square  mile. 

7.  1950  county  registration  of  vehicles. 

8.  G.A.F.  sales  per  capita. 

9.  Gasoline  service  station  sales. 

10.  Number  of  employees  in  retail  trade. 

11.  Number  of  employees  in  retail  and  service 
trades. 

12.  Number  of  employees  in  retail,  wholesale, 
and  service  trades. 

13.  Number  of  parking  spaces. 

14.  Area  of  urbanized  area. 

15.  Inbound  cordon  count  of  vehicles,  10  a.m.— 
6  p.m. 

16.  Curb  parking  spaces. 

17.  Percent  of  all  parking  spaces  at  the  curb. 
A  considerable  range  is  represented  in  the  58 

cities  in  which  comparable  parking  studies  have 
been  made.  Not  only  are  cities  ranging  in  popu- 
lation from  7,300  to  1,400,000  represented,  but 
different  areas  of  the  country  are  included.  Some 
of  the  tests  were  limited  to  groups  of  the  58 
cities  in  an  effort  to  stabilize  the  test  within  spe- 
cific groups  if  it  were  possible  to  do  so.  Groups 
of  cities  in  which  tests  were  made  are  as  follows: 

1.  All  58  cities. 

2.  27  cities  under  50,000  inhabitants. 

3.  23  cities  of  100,000  inhabitants  or  more. 
4. 13  cities  in  northeastern  U.  S. 

5.  16  cities  in  north  central  U.  S. 

6.  29  cities  in  northeast  and  north  central  U.S. 

Reliability  of  Estimate 

The  best  adjusted  standard  error  obtained  indi- 
cated unsatisfactory  results  ( — 37  to  +59  percent) 
for  all  58  cities  regardless  of  factors  used  (table 
6) .  Only  slightly  better  results  were  obtained  for 
the  group  of  cities  of  100,000  inhabitants  and 
over  ( — 29  to  +41  percent).  Best  results  were 
obtained  when  only  the  27  cities  under  50,000  in- 
habitants were  used. 

Trial  and  elimination  of  factors  indicated  that 
this  was  the  best  grouping  of  cities,  and  that  (1) 
the  cordon  count  of  inbound  traffic,  10  a.m.  to 
6  p.m.,  (2)  total  number  of  parking  spaces  in 
the  central  business  district,  and  (3)  number  of 
employees  in  retail  and  service  trades  produced 
the  most  satisfactory  adjusted  standard  error 
( — 16  to  +19  percent).  This  means  that  an 
equation  using  these  three  variables  will  have 
about  two  chances  out  of  three  of  being  within 
the  range  of  — 16  to  +19  percent  of  the  parking 
volume  determined  from  actual  field  observations. 

Factors  showing  the  closest  relation  to  parking 
volume  were  found  to  be: 

1.  Total  number  of  available  parking  spaces 
in   the  central   business   district. 
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found    in   the  central  business  district.    Data   for 

oilier  factors  such   as   use  of  mass  transit 


facilities  to  the  central  business  district,  proxim- 
ity to  other  cities,  and  volume  of  parkisg  in 
neighborhood  and  suburban  shopping  centers  are 
not  so  generally  available,  cannot  be  measured  in 
quantitative  manner,  or  cannot  be  obtained  from 
other  sources. 

Census  information  for  dollar  volume  of  retail 
sales  and  employment  are  available  only  for  the 
entire  urban  area  which  is  not,  of  course,  an 
exact  measurement  of  activity  of  the  central  busi- 
ness district.  Then,  too.  data  which  have  been 
used  do  not  represent  the  same  time  periods. 
Census  years  are  spread  from  1947  for  census  of 
manufactures,  1948  for  census  of  business,  to  1950 
for  the  census  of  population,  and  the  parking 
studies  were  made  between  1945  and  1952.    Such 


Table   5. — G.A.F.  sales  and   parking  volumes    in    58    cities    in    which    comparable    parking 

studies  have  been  made 


City 
and 
State 


Urbanized 

area 
population 


Volume  of  retail  sales 


Total 


St.  Louis.  Mo. 

Cleveland,  Ohio 

Baltimore,  Md 

Seattle,  Wash.      

Providence,  R.  I 

Dallas,  Texas 

Portland.  Oreg 

Louisville,  Ky 

Miami,  Fla. 

Memphis,  Tenn. 

Toledo,  Ohio 

Omaha,  Nebr 

Syracuse,  N.  Y 

Richmond,  Va. 

New  Haven,  Conn 

Jacksonville,  Fla 

Wichita,  Kans 

Spokane,  Wash 

Harrisburg,  Pa 

Chattanooga,  Tenn 

Reading,  Pa 

Knoxville.  Tenn 

Charlotte,  N.  C 

Evansville,  Ind 

Gary,  Ind 

Corpus  Christi,  Tex 

Allentown,  Pa 

Lincoln,  Nebr 

Albuquerque,  N.  Mex. 
Topeka,  Kans 

Pawtucket.  R.  I 

Lynchburg,  Va 

Anderson,  Ind 

Lake  Charles.  La 

Kokomo,  Ind 

Monroe,  La 

Norristown,  Pa 

Easton,  Pa 

Alexandria,  La 

Boise,  Idaho 

Reno,  Nev 

Roswell,  N.  Mex 

Walla  Walla,  Wash... 

Pottstown,  Pa 

Uniontown,  Pa 

Anderson,  S.  C 

Meadville,  Pa 

Portsmouth,  N.  H.-_ 

Columbus,  Ind 

Clovis,  N.  Mex 

Martinsville,  Va 

Stevens  Point,  Wis 

West  Chester,  Pa 

Huntington,  Ind 

Frankfort,  Ind 

Wabash,  Ind.  

Seymour.  Ind 

Decatur,  Ind.__ 


Thousands 
1,400.0 
1, 383.fi 
1,161.8 

621.5 

583.3 

538.9 
512.6 
472.7 
458.6 
406.0 

364.3 
.310.3 
265.3 
258.0 
244.8 

242.9 
194.0 
176.0 
169.6 
167.8 

154.9 

148.2 
140.9 
137.6 
133.9 

122.9 
106.8 

99.5 

96.8 

89.1 

81.4 
47.7 
46.8 
41.3 
38.7 

38.6 
38.1 
35.6 
34.9 
34.4 

32.5 
25.7 
24.1 
22.6 
20.5 

19.8 
19.0 
18.8 
18.4 
17.3 

17.2 
16.6 
15.2 
15.0 
15.0 

10.6 
9.6 
7.3 


Millions 

$987.7 

1,178.2 

1,052.9 

613.7 

328.4 

621.9 

574.8 
411.1 
388.3 
461.8 

393.6 
308.5 
290.2 
319.5 
206.0 

247.8 
201.6 
198.0 
140.8 
167.0 

140.0 

174.8 
169.7 
139.3 
140.4 

123.2 
142.1 
118.0 
114.9 
92.0 

89.6 
60.1 
61.3 
44.6 
44.5 

62.7 
43.9 
58.2 
46.8 
65.6 

71.9 
32.0 
41.4 
33.7 
54.7 

34.6 
33.4 
23.2 
23.6 
24.2 

21.4 
18.4 
29.0 
19.7 
19.8 

18.1 
15.6 

10.1 


G.A.F. 


Millions 
$357.5 
390.1 
369.7 
212.2 
109.6 

234.0 
200.2 
130.0 
110.9 
179.9 

118.1 
90.8 
90.2 

112.1 
63.5 

67.6 
61.5 
60.0 
54.0 
50.9 

50.8 
61.6 
53.6 

48.1 
48.3 

34.5 
55.6 
42.9 
32.2 

28.4 

26.9 
18.0 
17.6 
13.4 

11.9 

20.1 
14.8 
21.4 
15.2 
20.6 

18.5 

7.7 
10.6 

9.0 
19.1 

11.7 
8.9 
5.0 
5.6 
5.6 

6.7 
5.8 
6.3 
4.4 
3.7 

2.2 
3.0 
1.4 


Percent 

of 

total 


Number  of  parkers  r 


Total 


Per  million 

dollars  of 

G.A.F.  sales 


Percent 
•36.2 
33.1 
35.1 
34.6 
33.4 

37.6 
34.8 
31.6 
28.6 
39.0 

30.0 
29.4 
31.1 
35.1 
30.8 

27.3 
30.5 
30.3 
38.4 
30.5 

36.3 
35.2 
31.6 
34.5 
34.4 

28.0 
39.1 
36.4 
28.0 
30.9 

30.0 
30.0 
28.7 
30.0 
26.7 

32.1 
33.7 
36.8 
32.5 
31.4 

25.7 
24.1 
25.6 
26.7 
34.9 


26.6 
21.6 
23.7 
23.1 

31.3 
31.6 
21.7 
22.3 

18.7 

16.8 
19.2 
13.9 


Thousands 
70.5 
64.7 
40.7 
44.3 
28.2 

59.2 
47.4 
38.8 
44.1 
28.6 

37.1 
33.8 
26.4 
37.8 
15.9 

37.0 
44.5 
32.7 
16.9 
17.7 

15.8 
10.7 
22.6 
25.9 
13.0 

16.6 
14.6 
32.7 
21.8 
34.9 

10.2 
13.5 

6.7 

9.7 

9.5 

9.6 
10.7 

11.7 

7.9 

17.1 

21.5 
12.4 
10.0 
10.6 
11.4 

11.3 
9.8 

4.8 

7.7 


5.3 
5.6 
6.5 
6.3 
5.3 

5.8 
4.1 
2.9 


197 
166 
110 
209 
257 

253 
237 
298 
398 
159 

314 
372 
351 
337 
250 

547 
724 
545 
313 


311 
174 
422 
538 
269 

481 
263 
762 
677 
1,229 

379 
750 
381 
724 
798 

478 
723 
547 
520 
830 

.1,162 
1,610 

943 
1,178 

597 

966 
1,101 

960 
1,375 
1,768 

791 

966 

1,032 

1,432 

1,445 

2,636 
1,367 
2,071 


or  period  10  a.m.-6  p.m.  from  parking  study  reports. 


disparity  in  time  periods  can  scarcely  be  avoided 
under  present  conditions,  since  no  other  data  are 
available  having  common  base  years. 

Multiple  Correlation  Analysis 

Three  factors,  inbound  cordon  count  of  vehicles, 
number  of  parking  spaces,  and  number  of  em- 
ployees in  retail  and  service  trades  for  cities 
under  50,000  population,  were  used  in  a  formula 
most  satisfactorily  for  all  groups  tested  to  pro- 
duce an  estimate  of  probable  parking  volumes. 
This  estimate  in  terms  of  average  parking  accu- 
mulation, which  is  the  average  number  of  vehicles 
parked  at  any  one  time  in  the  central  business 
district,  can  be  expanded  to  daily  parking  volumes 
by  the  known  percentage  relation  existing  between 
average  accumulation  and  daily  parking  volume. 
The  formula  used  for  estimating  the  volume  of 
parking  in  relation  to  traffic  volumes,  parking 
spaces,  and  employment  for  cities  of  less  than 
50,000  population  is  as  follows: 
X  =  2547  +  0.0125  X,  +  0.0894  X,  +  0.0362  X, 
Where: 

X  =   1000  times  the  log  of  the  average  parking 

accumulation.  8    (X  is  a  logarithmic  number 

and  is  converted  into  the  estimated  number 

of  parkers  by  use  of  the  logarithmic  tables.) 

X,  =  inbound  cordon  count  of  vehicles,  10  a.m.- 

6  p.m. 
X3  =  number  of   parking   spaces   in   the   central 

business  district. 
X;  =  number  of  employees  in  retail  and  service 
trades. 
The  average  parking  accumulation  in  percent 
of  the  daily  number  of  parkers  (10  a.m.— 6  p.m.) 
determined  from  the  analysis  of  65  studies,  is  as 
follows : 

Population   group  Percent 

Under  25,000 12 

25,000-50,000    14 

50.000-100,000    16 

100,000-250,000  18 

250,000-500,000  22 

500,000-1,000,000 24 

1,000,000  and  over 30 

The  equation  demonstrates  this  part  of  the  analy- 
sis and  the  results  may  be  used  for  comparison 
with  estimates  made  under  the  rank-size  and 
G.A.F.  sales  ratio  methods  for  the  smaller  cities. 

Comparison  of  Analyses 

Each  of  these  three  methods  appeared  to  offer 
possibilities  for  estimating  parking  volumes.  A 
comparison  of  estimates  made  by  each  of  these 
three  methods  was  made  for  8  cities  where  com- 
parable parking  studies  have  been  made,  and 
where  results  have  been  reported  since  the  analy- 
sis of  the  reports  from  the  58  cities  was  completed. 
In  6  of  these  8  cities  sufficient  data  have  been  re- 
ported to  make  an  estimate  by  means  of  the 
formula,  and  in  5  of  the  6  cities  estimates  were 
within  15  percent  of  actual  observed  volumes.  An 
average  of  the  estimates  made  independently  by 
each  of  the  three  methods  was  within  14  percent 
of  actual  observed  parking  volumes  in  all  of  the 
cities,   and   in  5   of  the  8   cities   estimates   were 


8  Adjusted  to  1948  by  using  a  straight-line  relation 
based  on  the  population  change  in  a  particular  city 
from   1940-50. 


December   1953    •    PUBLIC   ROADS 


Table    6. — Summary    of    adjusted    standard  error  in   percent   for  each   of  the 

groups  of  factors  tested 


Test 
symbol 


Factors 
tested  ' 


Solving  for- 


Number 

of 

cities 


All  Cities 


1.  2.  3 
1,  5,  9 
1.      5,     9 


Daily  number  of  parkers  per  million  dollars  of  G.A.F.  sales  _ 

Daily   number  of   parkers,   unadjusted 

Average  daily  parking  accumulation,  adjusted  to  1948 


53 
58 
54 


Cities  under  50,000  Inhabitants 


B 

1, 

2, 

3, 

C 

1, 

4 

D 

1 

E 

1, 

5 

F 

1, 

5, 

6 

G 

1, 

5, 

7 

I 

8, 

9, 

10 

J 

8, 

9, 

11 

K 

5, 

9, 

11 

EE 

11 

13, 

15 

L 

8, 

9. 

11 

M 

5, 

9, 

11 

N 

4, 

9, 

11 

O 

4, 

9. 

12 

P 

4, 

9, 

11 

S 

4. 

9 

T 

4, 

9. 

11 

U 

13 

V 

9, 

13 

w 

13, 

14 

X 

11. 

13, 

14 

cc 

15. 

16 

Y 

11, 

13, 

14 

Z 

13, 

15 

AA 

13. 

15, 

17 

BB 

15, 

16 

Daily  number  of  parkers  per  million  dollars  of  G.A.F.  sales . 

do 

Daily   number  of  parkers,   unadjusted 

do 

do 

do 

Daily  number  of  parkers,  adjusted  to  1948 

Average  daily  parking  accumulation,  adjusted  to  1948 

do 

do 

Cities  of  100,000  Inhabitants  or  More 

Average  daily  parking  accumulation,  adjusted  to  1948 

do 

do 

do 

Peak  parking  accumulation,   unadjusted 

Cities  in  Northeastern  United  States 

Average  daily  parking  accumulation,  adjusted  to  1948 

do 

do 

do 

do 

do 

do 

Cities  in  North  Central  United  States 

Average  daily  parking  accumulation,  adjusted  to  1948 

do 

do 

do 


Adjusted 

standard 

error 


(2) 
-37  to  59 
-42  to  73 


27 

—27  to  37 

27 

—26  to  36 

27 

—24  to  34 

27 

—27  to  37 

27 

—27  to  37 

27 

—27  to  37 

27 

—24  to  32 

27 

—21  to  26 

27 

—22  to  28 

27 

—16  to  19 

23 

—32  to  47 

23 

—32  to  46 

23 

—29  to  41 

23 

—30  to  42 

23 

—29  to  41 

13 

—23  to  30 

13 

—24  to  31 

13 

—19  to  24 

13 

—20  to  25 

13 

—17  to  21 

13 

—14  to  16 

13 

—22  to  29 

16 

—34  to  52 

16 

—30  to  42 

16 

—30  to  43 

16 

—21  to  27 

Cities  in  Northeast  and  North  Central  United  States 

DD 

15,   16 

Average  daily  parking  accumulation,  adjusted  to  1948 

29 

—22  to  28 

Cities  below  the  Average  Curve  3 

H 

1,     5 

Daily  number  of  parkers,  unadjusted 

17 

—35  to  55 

1  For  a  list  of  factors  tested,  refer  to  items  numbered  1-17  on  page  255. 

2  Adjusted  standard  error  is  366  parkers  per  million  dollars  of  G.A.F.  sales. 

3  Refer  to  figure  3,  page  255. 


Table  7. — Comparison  of  estimates  and  actual  observed  number  of  parkings 


City 

and 

State 

Year 

of 

study 

Population 

Estimated  number  of  parkers  from — 

Observed 

number  of 

parkers 

Average  estimate 

in  percent 

of  total 

Rank 
size 

G.A.F. 
sales 

Formula 

Average 

Ogden,  Utah  . 
Lexington,  Ky. 

Norristown,  Pa. 

Steubenville,  Ohio — 

Bristol.  Va.-Tenn.   . 
Fond  du  Lac,  Wis.— 
Butler,  Pa. 
Coatesville,  Pa 

1952 
1952 
1949 
1952 

1950 
1950 
1951 
1951 

Thousands 
57.1 
55.5 
38.2 
35.7 

32.7 
29.9 
23.5 
13.8 

18,100 
18,100 
10.500 
10,500 

9,900 
9,800 
9,650 
5,200 

15,800 
22,100 
11,100 
10,200 

10,500 
8,960 

11,985 
5,650 

24,100 
(M 

11,850 
(') 

9,300 

9.430 

12.417 

6,742 

19,300 
20,100 
11,150 
10.350 

9.900 

9,400 

11,350 

5,860 

18,548 
21,641 
10,660 
11,979 

8,864 
10,893 
11.812 

6,246 

Percent 

104 

93 

105 
87 

112 
86 
96 
94 

1  Insufficient  data  received. 


of    actual    observed    volumes 


within    7    percent 
(table  7). 
The    following    example    is    illustrative    of 


th< 


methods  used  in  making  estimates  using  the  city 
of  Bristol  as  an  example.  The  twin  city  of  Bris- 
tol is  located  on  the  Virginia-Tennessee  State  line, 


has  essentially  one  business  district,  and  a  com- 
bined population  of  3.3.000  persons.  It  is  located 
on  the  Norfolk  and  Western  Railroad,  and  I  .  S. 
Highway  No.  11  passes  through,  connecting  east- 
ern Tennessee  with  the  northeastern  States.  It  is 
on  the  edge  of  the  Great  Smoky  National  Park,  an 
area  of  increasing  recreational  importance,  and 
on  the  edge  of  eastern  Tennessee  which  has  grown 
industrially  with  the  power  developments  of  the 
Tennessee  Valley  Authority.  Considerable  diver- 
sification in  manufacturing  for  a  city  of  this  size 
is  reported.  The  proximity  of  Kingsport  and 
Johnson  City  within  a  25-mile  distance  to  the 
south  and  west  tends  to  reduce  the  normal  trading 
area   in  these  directions. 

Bristol  has  a  retail  trade-manufacturing  em- 
ployment ratio  of  1 :2.0  which  is  typical  of  a 
group  IV  city  (see  figure  1  and  table  2).  Employ- 
ment per  100  population  of  31  percent  is  also 
typical  of  a  group  IV  city,  but  the  percentage  in- 
crease in  population  of  38  percent  is  more  nearly 
typical  of  a  group  II  city.  The  percentage  of 
employment  in  service  trades  of  7.5  percent  is 
also  typical  of  group  IV  cities,  so  it  seems  rea- 
sonable to  consider  Bristol  as  being  included  in 
this  group. 

Bristol  ranks  between  40th  and  41st  with  re- 
spect to  population,  and  between  38th  and  39th 
with  respect  to  G.A.F.  sales.  With  5,644  persons 
employed  in  manufacturing,  it  would  rank  be- 
tween 35th  and  36th  for  this  factor  which  is  about 
five  places  higher  than  population,  a  pattern  sim- 
ilar to  the  rank-size  patterns  of  the  cities  in  group 
IV.  This  confirms  the  assumption  that  Bristol 
appears  to  be  similar  to  a  group  IV  city.  In  this 
group  parking  has  a  ranked  position  of  about  one 
position  lower  than  population,  and  thus  Bristol 
would  be  expected  to  have  a  rank  in  parking  of 
41.5  (40.5+1)-  This  would  mean  that  in  figure 
2  an  estimated  9,900  daily  parkers  could  normally 
be  expected. 

For  the  second  type  of  estimate  based  on  G.A.F. 
sales  data,  modest  dominance  in  manufacturing 
together  with  proximity  to  Kingsport  and  John- 
son City  suggests  lower  than  average  retail  sales. 
If  we  assume  675  parkers  per  million  dollars  of 
G.A.F.  sales  (fig.  3)  which  is  about  half  way  be- 
tween the  average  city  and  a  dominant  industrial 
city,  and  knowing  that  Bristol  has  an  annual  G.A.F. 
sales  volume  of  $15.5  million,  it  is  estimated  that 
there  would  be  10,500  daily  parkers  in  Bristol. 

By  formula  the  estimate  is  computed  to  be 
9,300  parkers.  The  actual  study  showed  that 
8.864  parkers  were  observed.  The  formula  esti- 
mate was  less  than  5  percent  greater  than  the 
observed  volume,  and  the  average  of  all  three 
estimates  was  within  12  percent  of  the  actual 
volume.  Average  estimates  for  some  of  the  other 
cities  were  closer  to  observed  volumes,  and  for- 
mula estimates  were  nol  uniformly  the  closest 
(table  7). 

Summary 

The  findings  of  this  study  have  not  been  pre- 
sented with  the  idea  that  a  definite  and  unqualified 
basis  for  making  estimates  of  parking  volumes  is 
now  available.  They  are  presented  rather  to  in- 
dicate that  it  should  be  possible  to  make  a  rela- 
tively quick  appraisal  of  probable  parking  re- 
quirements for  the  central  business  district  as  a 
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stinations  of  parkers  are 
needed   f<  li  nning   of  specific  highway  or 

park  imp        ments,  then  more  detailed 

obtained  h>  other  means. 

te  that   some 
basic    relations  i    exist    between    parking 

volumes  and  the  basic  economy  of  the  community, 
and  that  the  average  of  the  estimates  of  parking 
made  by  the  various  methods  can   be  usi'd  with 


naiile    assurance   of   reliability.     Before   any 
extensive   use   can   be   made   of   the   estimates   for 
Gc  locations,  however,  studies  should  be  made 
monstrate  how  the  estimates  can  be  used  in 
ion  to  parking  habits  and  current   land  and 
building  usage.  A  further  conclusion  may  be  in- 
ferred. If  these  relations  exist  between  the  volume 
of   parking    in    the    central    business    district    and 
the  size  of  a  city,  anil  the  amount  of  retail  trade 


and  certain  kinds  of  employment,  then  similar 
relations  must  exist  with  respect  to  travel  since 
parking  is  directly  related  to  travel  in  that 
vehicles  are  parked  at  the  end  of  each  trip.  The 
application  of  such  relations  with  respect  to 
urban  travel  appears  to  be  of  much  greater  sig- 
nificance because  entire  urban  areas  must  be  con- 
sidered which  involves  the  movement  of  vehicles 
rather  than  their  parking. 


Standard  Plans  for  Highway  Bridge  Superstructures:  a  new  publication 


The  Bureau  of  Public  Roads  has  just  published 
Standard  Plans  for  Highway  Bridge  Superstruc- 
tures, in  which  are  presented  standard  plans  pro- 
viding complete  details  for  various  types  of  super- 
structures for  highway  bridges.  The  publication 
is  for  sale  by  the  Superintendent  of  Documents, 
U.  S.  Government  Printing  Office,  Washington  25, 
D.  C,  at  $1.00  a  copy. 

Standard  Plans  for  Highway  Bridge  Superstruc- 
tures is  intended  to  serve  as  a  useful  guide  to 
State,  county,  and  local  highway  departments  in 
developing  designs  for  bridges  of  adequate 
strength  and  economical  proportions  on  primary, 
secondary,  and  urban  highways.  The  plans  should 
be  particularly  valuable  to  the  smaller  highway 
departments  with  limited  engineering  staffs. 


Included  in  the  several  series  of  drawings  are 
detailed  plans  for  I-beams,  riveted  deck  plate 
girders,  welded  deck  plate  girders,  reinforced 
concrete  slabs,  reinforced  concrete  T-beams,  rein- 
forced concrete  box  girders,  post-tensioned  pre- 
cast reinforced  concrete  deck  girders,  and  precast 
reinforced  concrete  deck  girders.  One  series  of 
I-beam  spans  involves  3-span  continuous  units. 
All  other  types  of  spans  are  simply  supported. 
One  series  of  simply  supported  I-beam  spans  is 
designed  for  composite  action.  The  design  of  the 
reinforced  concrete  slab  spans  has  been  based  on 
participating  curbs. 

Designs  are  included  for  two  widths  of  roadway, 
24  feet  and  28  feet.  The  span  lengths  for  the 
dimply   supported   structures  range   from   a   mini- 


mum of  20  feet  to  a  maximum  of  140  feet.  The 
3-span  continuous  units  vary  from  130  feet  to  260 
feet  in  overall  length,  with  the  end  spans  having 
a  length  80  percent  of  the  center  span.  The 
ranges  in  span  lengths  are  based  on  the  economy 
and  suitability  of  the  different  types  of  super- 
structures. The  live  load  capacity  for  all  types 
of  superstructures  is  H15-44  for  24-foot  roadway 
widths  and  H20-S16-44  for  28-foot  roadway  widths, 
with  the  exception  of  the  precast  reinforced  con- 
crete deck  girder  spans  which  are  designed  for  a 
loading  of  H15-S12-44. 

All  of  the  designs  are  in  accordance  with  the 
"Standard  Specifications  for  Highway  Bridges," 
adopted  by  the  American  Association  of  State 
Highway  Officials  in  1953. 


258 


December   1953    •    PUBLIC   ROADS 


A  list  of  the  more  important  articles  in 
PUBLIC  ROADS  may  be  obtained  upon  request 
addressed  to  Bureau  of  Public  Roads,  Wash- 
ington   25,    D.    C. 


PUBLICATIONS 
of  the  Bureau  of  Public  Roads 


The  following  publications  are  sold  by  the  Superintendent 
of  Documents,  Government  Printing  Office.  Washington  25. 
D.  C.  Orders  should  be  sent  direct  to  the  Superintendent  of 
Documents.    Prepayment  is  required. 


ANNUAL   REPORTS 

Work  uf  ilif  Public  Roads  Administration: 

1941.  15  cents.  1948.  20  cents. 

1942,  10  cent-.  1949,  25  cents. 

Public  Road-  Administration  Annual  Reports: 

1943;  1944;  1945;  1946;  1947.  (Free  from  Bureau  of  Public  Roads) 

Annual  Reports  of  the  Bureau  of  Public  Roads: 

1930,  25  cents.  1951,  35  cents.  1952,  25  cents. 


HOUSE  DOCUMENT  NO.  462 

Part   1. — Nonuniformity   of   Slate    Motor-Vehicle   Traffic    Laws    (1938). 
15  cents. 

Pari  2. — Skilled   Investigation  at  the  Scene  of  the  Accident  Needed  to 
Develop  Causes  (1938).   10  cents. 

Part  3. — Inadequacy  of  State  Motor  -Vehicle  Accident  Reporting  (19381. 
10  cents. 

Part  4.— Official  Inspection  of  Vehicles  ( 19381 .  10  cents. 

Part  5. — Case  Histories  of  Fatal  Highway  Accidents  (1938).    10  cents. 

Part  6. — The  Accident-Prone  Driver  (1938).   10  cent-. 


UNIFORM  VEHICLE  CODE 

Act     I. — Uniform   Motor-Vehicle   Administration.   Registration.   Certifi- 
cate of  Title,  and  Antitheft  Act  ( 1945) .    15  cent-. 

Act   II. — Uniform    Motor- Vehicle    Operators'    and    Chauffeurs'    License 
Act.   15  cents,    (revised  1952) 

Act  III.— Uniform  Motor-Vehicle  Civil  Liability  Act    (1944).     10  cents. 

Act  IV. — Uniform   Motor- Vehicle   Safety   Responsibility    Act.    15   cent-, 
(revised  1952) 

Act   V. — Uniform   Act   Regulating   Traffic  on   Highways.  20  cents,    (re- 
vised  1952) 

Model  Traffic  Ordinance.   20  cents,    (revised  1952) 


MISCELLANEOUS   PUBLICATIONS 

Bibliography   of   Highway   Planning   Reports    (1950).   30  cents. 

Construction  of  Private  Driveways,  No.  272MP    (1937).   10  cents. 

Electrical  Equipment  on  Movable  Bridges,  No.  265T  (1931).  40 
cents. 

Factual  Discussion  of  Motortruck  Operation,  Regulation,  and  Taxa- 
tion   (1951).  30  cents. 

Federal  Legislation  and  Regulations  Relating  to  Highway  Construction 
(1948).  Out  of  print. 

Financing  of  Highways  by  Counties  and  Local  Rural  Governments. 
1931-41.   45  cents. 

Highway  Accidents  (1938).    10  cents. 

Highway  Bond  Calculations  (1936).   10  cents. 

Highway  Bridge  Location,  No.  1486D  ( 1927) .   15  cents. 

Highway  Capacity  Manual  (1950).  65  cent-. 

Highway  Needs  of  the  National  Defense,  House  Document  No.  249 
(1949).   75  cents. 

Highway  Practice  in  the  United  States  of  America  (1949) .   75  cents. 

Hi^hwav  Statistic-  (annual)  : 

1945,  35  cents.  1948.  65  cents. 

1946,  50  cents.  1949,  55  cents. 

1947,  45  cents.  1951,  60  cents. 
Highway  Statistics,  Summary  to  1945.  40  cents. 

Highways  in  the  United  States,  nontechnical  1 1951).   15  cents. 

Highways  of  History  1 1939) .   25  cent-. 

Identification  of  Rock  Types  (1950).   10  cents. 

Interregional  Highways.  House  Document  No.  379   (1944).    75  cents. 

Legal  Aspects  of  Controlling  Highway  Access  ( 1945) .    15  cents. 

Local  Rural  Road  Problem  (1950).  20  cents. 

Manual  on  Uniform  Traffic  Control  Devices  for  Streets  and  Highways 
(1948).   75  cents. 

Mathematical  Theory  of  Vibration  in  Suspension  Bridges  (1950).    $1.25. 

Principles  of  Highway  Construction  as  Applied  to  Airports.  Flight 
Strips,  and  Other  Landing   Areas   for   Aircraft    (1943).   $2.00. 

Public  Control  of  Highway  Access  and  Roadside  Development  (1947). 
35  cents. 

Public  Land  Acquisition  for  Highway  Purposes  ( 1943) .    10  cents. 

Results  of  Physical  Tests  of  Road-Building  Aggregate   (1953).     $1.00 

Roadside  Improvement.  No.  191MP  (1934).   10  cents. 

Selected  Bibliography  on  Highway  Finance  (1951).   55  cents. 

Specifications  for  Construction  of  Roads  and  Bridges  in  National  For- 
ests and  National  Parks,  FP-41  (1948).  $1.50. 

Taxation  of  Motor  Vehicle-  in  1932.   35  cent-. 

Tire  Wear  and  Tire  Failures  on  Various  Road  Surfaces  (1943).  10  cents. 

Transition  Curve- tor  Highways  (1940).   $1.50. 


MAPS 

State  Transportation  Map  series  (available  for  39  States).  Uniform 
-beets  26  by  36  inches,  scale  1  inch  equals  4  miles.  Shows  in  colors 
Federal-aid  and  State  highways  with  surface  types,  principal  con- 
necting roads,  railroads,  airports,  waterways.  National  and  Slate  for- 
ests, parks,  and  other  reservations.  Prices  and  number  of  sheets  for 
each  State  vary — see  Superintendent  of  Documents  price  list  53. 

United  States  System  of  Numbered  Highways  together  with  the  Federal- 
Aid  Highway  System  (also  shows  in  color  National  forests,  park-. 
and  other  reservations).  5  by  7  feet  (in  2  sheets),  scale  1  inch  equals 
37  miles.   $1.25. 

United  States  System  of  Numbered  Highways.  28  by  42  inches,  -cale  1 
inch  equals  78  miles.  20  cents. 


Single  copies  of  the  following  publications  are  available  to 
highway  engineers  and  administrators  for  official  use,  and 
mar  be  obtained  by  those  so  qualified  upon  request  addressed 
to  the  Bureau  of  Public  Roads.  They  are  not  sold  by  the  Super- 
intendent of  Documents. 

Bibliography   on    Automobile    Parking    in    the    United    Slates    (1946). 

Bibliography  on  Highway  Lighting   (1937). 

Bibliography  on  Highway  Safety  ( 1938) . 

Bibliography  on  Land  Acquisition  for  Public  Roads  I  l()'7i. 

Bibliography  on  Roadside  Control  (1949). 

Express  Highways  in  the  United  States:  a  Bibliography  <  1915). 

Indexes  to  Public  Roads,  volumes  17-19  and  23. 

Title  Sheets  for  Pi  blic  Roads,  volumes  24.  25,  and  26. 


STATUS  OF  FEDERAL-AID  HIGHWAY  PROGRAM 

AS  OF  OCTOBER  31,  1953 
(Thousand  Dollars) 

SI  A  1  1 

UNPROGRAMMED 

BAI.ANl  IS 

ACTIVE     PROGRAM 

PROGRAMMED  ONLY 

PLANS  APPROVED. 
CONSTRUCTION  NOT  STARTED 

CONSTRUCTION  UNDER  WAY 

TOTAL 

Total 

Cost 

Federal 
Funds 

Miles 

Total 
Cost 

Federal 
Fuads 

Miles 

Total 
Cost 

Federal 
Fuads 

Miles 

Total 
Cost 

F^ds1 

Miles 

Alabama 

Arkansas 

1,112 

lT6t3 

v12,l62 

2,190 

13.085 

■    ,799 
1,497 
6.801+ 

194.4 
55.9 

372.5 

$13,176 
1,070 
6,219 

$6,578 

758 

3.114 

147.6 

7.4 

149.6 

$39,051 
7,093 

9,488 

$20,01+1 
5,029 
4,706 

462.0 
108.2 

2:  3.7 

$64,389 

10,353 
28J92 

$32,418 

7,264 
14,621+ 

804.0 

171.5 
745.8 

California 
Colorado 
(  lonnecticut 

1,710 
2,1+62 
6,8oi+ 

•1,670 

2,969 
2,258 

1,01+1 

40.5 

101.8 

3.6 

11,892 

3,21+4 
477 

4,159 

1,835 

237 

43.5 

47.9 

.6 

97,843 

16,809 

9,289 

49,321 
9,084 
4,558 

269.8 

184.3 

28.7 

115,285 
2l+,0l+l+ 
11,636 

56,449 

13,177 
5,836 

353.8 

334.0 

32.9 

Delaware 

Florida 

Georgia 

3,126 
4,583 

4,521 

605 
ii+,  270 
16.923 

305 
7,286 

.8 

210.1 
383.6' 

7,087 
7,036 

3,826 

3,510 

132.7 
134.1 

4,260 
17,036 
34,167 

2.123 

8,598 

16,083 

20.3 
236.4 
434.4 

4,865 
38,393 
58,126 

2,428 
19,710 
28,249 

21.1 
579.2 
952.1 

Idaho 

Illinois 

Indiana 

2,1+00 
9,017 

"I0,6?Q 

7,195 
26,721 
3 1.269 

4,1+97 
14,543 
17,900 

112.4 
130.7 
149.2 

2,781 

13,755 

6.677 

1,767 
6,927 
3,351 

46.0 
31.3 
30.9 

11,786 
65,147 
23,850 

7,442 
34,324 
12,150 

207.2 
495.5 
103.0 

21,762 

105,623 

63,796 

13,706 
55,794 
33,401 

365.6 
657.5 
2S3.I 

Iowa 

Kansas 
Kentucky 

3,513 
3,m? 

13,906 
9,383 
8,997 

7,486 
i+,69i+ 
4.777 

331.1 
814.1 

1  -  ,■ 

4,188 
3,925 
7.297 

3,115 
1,995 
3.648 

75.4 
315.7 

106.8 

18,308 
16,155 
21.208 

9,202 

7,747 

11.167 

885.9 
755.1 
246.9 

36,402 
29,463 
37,502 

19,803 
14,1+36 
19,592 

1,292.4 

1,884.9 

460.3 

Louisiana 

Maine 

Maryland 

1,729 

973 

R,?8l 

..  ,18 
5,  "+33 

-,  jl 

10,122 
2,851 
2,869 

133.5 
37.0 
SO. 3 

3,549 
2,279 
4r595 

1,772 
1,119 
2.232 

17.5 
17.4 
19.2 

26,357 

13,324 

7.006 

12,745 
6,508 
3.892 

142.7 

103.9 

34.9 

50,091 
21,036 
16.992 

24,639 

10,478 

8.993 

293.7 
158.3 
104.4 

Massachusetts 

Michigan 

Minnesota 

l+,12l+ 
1,818 
!+,4l4 

6,61+3 

28,868 

9,239 

1+,1+16 

14,967 

5,083 

18.5 
366.1 
811.9 

6,96l 

11,170 

2,509 

3,358 
5,594 
1,233 

138!  9 
130.5 

41,821 

49,808 
17,207 

19,951 

21,277 

8,953 

34.9 
289.5 
432.6 

57,425 
89 J 846 

28,955 

15,319 

57.3 

794.5 

1,375.0 

M.ssissippi 

Missouri 

Montana 

l,  i 
6,937 

12,61+5 
Ii+,810 
12,1+72 

6,438 
7,497 
7,609 

378.4 
762.6 

309.0 

4,534 
4,636 
4,543 

2,11+6 
2,480 
2,916 

113.7 

111.9 

82.2 

20,755 
56,9o3 
13,104 

10,590 

28,049 

7,843 

567.4 
461.7 

200.8 

37,934 
76,409 
30,119 

19,174 
38,026 
18,368 

1,059.5 

1,336.2 

592.0 

Nebraska 

Nevada 

New  Hampshire 

7,742 
3,030 
3.038 

22,881 
5,^85 

1.900 

11,898 

4,591 

950 

757.6 

91.4 

7.9 

2,183 
725 
990 

1,303 
607 
494 

70.2 

26.9 

7.6 

10,577 
4,276 
3,655 

5,965 
3,542 
1,950 

236.0 
74.3 
16.7 

35,61+1 
10,1+86 

6,545 

19, lob 

8,740 
3,394 

1,063.8 

192.6 

32.2 

New  Jersey 
New  Mexico 

New  York 

2,637 

1,11+0 

13,903 

5,904 

1,161+ 

60.620 

2,927 

747 

32 F 030 

58.O 

30.6 

101.1+ 

8,188 

2,960 

53,814 

3,889 

1,863 

26,708 

8.5 
77.5 
38.1 

25,527 

8,990 

157,758 

12,124 

5,664 

72,736 

19.9 
177.7 

507.1 

39,619 

13,114 

272,192 

18,940 

8,274 

131,474 

36.1+ 
285.8 
646.6 

North  Carolina 
North  Dakota 
Ohio 

3,233 
2,552 

21,351 

3,552 

17.329 

10,419 
1,784 

388.6 
662.8 
106.6 

3,893 

1,087 

12.249 

1,820 

541+ 

5,931 

55.7- 

185.2 

42.8 

29,705 

7,789 

86,822 

13,904 

4,047 

41,698 

388.4 
494.5 
123.7 

54,949 

12,428 

116,400 

26,143 

6,375 

55,600 

832.7 

1,342.5 

273.1 

Oklahoma 

Oregon 

Pennsylvania 

6,517 
1,695 
2,71+9 

12,661 
1,602 

13,1+25 

7,159 

956 

5.478 

187.1 
30.8 

4.1 

5,621 

817 

42,549 

2,962 

465 

20,357 

80.5 

9.8 

64.0 

14,151 
12,634 
82,882 

7,514 

7,640 

41,325 

169.4 
188.2 
240.0 

32,433 

15,053 
138,856 

17,635 

9,06l 

67,160 

437.0 
226.6 
308.1 

Rhode  Island 
South  Carolina 
South  Dakota 

1,91+8 

2,741 

854 

2,227 
9,392 
-6,35l+ 

1,113 
5,237 
3.793 

26.5 
203.0 
380.6 

1,133 
3,309 
2.026 

566 
1,622 
1.092 

5-3 

201+.6 

99.4 

9,831 

14,459 

8,581 

4,912 
7,260 
4,983 

22.2 
243.1+ 
469.2 

13,191 
27,160 
16,961 

6,591 

14,119 

9,666 

yk.o 
651.0 
949.2 

Tennessee 

Texas 

Utah 

3,81+8 

8,366 

633 

11,152 
6,1+16 
2,860 

5,554 
3,213 

2,191 

329.2 

114.0 

44.7 

7,o57 
9,543 

708 

4,459 

5,142 

532 

189.3 

319.3 

3.1 

30,621 
60,292 
10,562 

13,392 

33,044 

8,057 

312.1 
810.0 
159.4 

49,430 
76,251 
14,130 

23,405 
41,399 
10,780 

830.6 

1,243.3 

212.2 

Vermont 
Virginia 
Washington 

657 

1,271+ 

3,315 
11,112 

9,160 

1,777 
5,049 
i+,804 

38.6 
150.3 
116.4 

269 
7,041 
1.643 

135 

3,107 

860 

.2 

94.1 
43.1 

8,294 
29,738 
16,254 

4,l6l 

14,347 

8,553 

45.5 
194.6 
113.8 

11,878 
47,891 
27,057 

6,093 
22,503 
14,217 

8i+. 3 
439.0 
273.3 

West  Virginia 
Wisconsin 

Wyom.ns 

.  i 
3,503 

38? 

7,554 
7,209 
1,537 

3,So4 

4,027 

992 

40.1+ 

122.5 

23.1 

4,730 
5,972 

1,92S 

2,386 

2,960 

990 

3.9 
79-5 
29.4 

13,447 

25,386 

7.510 

6,733 

12,816 

i+,864 

271.1 
165.6 

25,731 
38,567 
10,975 

12,923 
19,303 

6,846 

143.2 
473.1 
218.1 

Hawaii 

District  of  Columbia 

Puerto  Rico 

1,21+9 
078 

3,638 

3,221 

7,533 
10,Sl+0 

1,580 
3,529 

7.8 

6.0 

SI. 2 

41 
3,071 

304 

21 

1,338 

147 

.1 
2.0 

10,818 
10,069 
13,532 

5,176 
4,730 
6.498 

13.9 

3.1 
38.7 

14,080 
20,678 
24,376 

6,777 

9,597 

11,484 

21.7 

9.2 

91.9 

TOTAL 

lc  3 , 

555,261+ 

290,776 

9,955-8 

318,051 

160,020 

3,649.8 

1,351,995 

679,038 

12,527.2 

2,225,310 

1,129,834 

26,132.8 
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Evaluation  of  Air-Entraining  Admixtures  for  Concrete 


BY  THE  PHYSICAL  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


Reported  by  FRANK  H.  JACKSON, '  Chief,  Non-Bituminous  Section,  and 
ALBERT  G.  TIMMS,  Supervising  Highway  Physical  Research  Engineer 


This  investigation  tvas  undertaken  for  the 
purpose  of  determining  the  acceptability  of 
a  number  of  commercial  admixtures  which 
were  available  at  the  time  for  use  in  the 
production  of  air-entrained  portland  cement 
concrete  for  highway  pavements  and  bridges. 
The  complete  program  involved  the  evalua- 
tion of  27  materials,  each  of  which  was  tested 
in  concrete  to  determine  its  ability  to  entrain 
air.  as  well  as  its  effect  on  flexural  and  com- 
pressive strength  and  on  durability.  As  the 
result  of  the  evaluation  study,  26  of  the  27 
materials  ivhich  were  received  for  test  have 
been  classified  as  acceptable  for  use  as  air- 
entraining  admixtures. 

PRIOR  to  1950.  information  regarding  the  ef- 
fectiveness of  most  of  the  materials  available 
commercially  for  use  in  the  production  of  air- 
entrained  portland  cement  concrete,  other  than 
that  furnished  by  the  manufacturers  themselves, 
was  exceedingly  meager  and,  as  a  result,  the 
State  highway  departments  and  other  users  were 
reluctant  to  specify  them.  In  fact,  the  only  ma- 
terials which  were  generally  accepted  prior  to 
1950  were  the  four  which  had  been  initially 
accepted  by  Committee  C-l  of  the  American  So- 
ciety for  Testing  Materials  under  its  standard 
procedure  for  evaluating  additions  for  use  in  the 
manufacture   of   air-entraining   portland   cement.2 

The  term  addition  is  generally  understood  to 
cover  materials,  other  than  gypsum,  which  are 
interground  with  portland  cement  clinker  during 
the  process  of  manufacturing  the  cement,  while 
the  term  admixture  is  generally  understood  to 
cover  those  materials  which  are  added  to  the 
concrete  either  prior  to  or  during  the  mixing 
operation. 

Although  the  A.S.T.M.  acceptance  procedure 
covered  the  use  of  the  four  materials  only  as 
additions,  engineers  in  general  have  assumed  that 
materials  which  are  satisfactory  for  use  in  making 
air-entraining  cement  will  also  be  satisfactory  for 
use  as  admixtures  in  producing  air-entrained 
concrete.  Therefore,  inasmuch  as  all  four  of 
these  products  were  also  being  marketed  as 
admixtures,  they  came  to  be  generally  accepted 
for  this  purpose. 

The  rapidly  increasing  use  of  air-entrained 
concrete  during  the  past  decade,  and  the  con- 
sequently increasing  demand  for  materials  which 


would  entrain  air,  has  resulted  in  the  promotion 
of  many  new  products,  all  claimed  to  be  equal 
to  or  superior  in  air-entraining  properties  to  the 
four  which  had  been  previously  accepted.  Very 
few  data  upon  which  to  appraise  these  materials 
as  air-entraining  admixtures  were  available,  how- 
ever. It  was  to  supply  such  data  that  the  evalu- 
ation program  described  in  this  article  was 
undertaken.3 

Classification  of  Materials 

As  an  initial  step,  a  questionnaire  was  sent 
to  all  manufacturers  of  air-entraining  admixtures 
known  to  the  Bureau,  together  with  a  request 
for  samples  of  their  products.  The  purpose  of 
the  questionnaire  was  to  obtain  data  regarding 
the  nature  of  the  materials,  results  of  prior  tests, 
extent  of  use,  and  field  performance.  This  re- 
quest resulted  in  the  submission  of  27  samples 
representing  the  products  of  19  manufacturers. 
The  materials  have  been  classified  with  respect 
to  their  major  constituents  into  seven  groups, 
as  follows: 

Group  A. — Salts  of  wood  resins. 

Group  B. — Synthetic  detergents. 

Group  C. — Salts  of  sulfonated  lignin. 

Group  D. — Salts  of  petroleum  acids. 

Group  E. — Salts  of  proteinaceous  materials. 

Group  F. — Fatty  and  resinous  acids  and  their 
salts. 

Group  G. — Organic  salts  of  sulfonated  hydro- 
carbons. 

Of  the  27  materials  submitted,  seven  were  clas- 
sified in  group  A,  seven  in  group  B,  four  in  group 
C,  two  in  group  D,  two  in  group  E,  four  in  group 
F,  and  one  in  group  G.  Seventeen  of  the  samples 
were  in  liquid  form,  five  were  powders,  four  were 
in  flake  form,  and  one  was  a  semisolid. 

The  classification  of  the  individual  materials 
into  groups,  the  physical  state  in  which  each  was 
received,  and  a  brief  statement  of  the  probable 
source  of  each  material  and  its  essential  chemical 
composition,  are  shown  in  table  1. 

With  the  exception  of  the  semisolid,  which  had 
to  be  neutralized,  all  of  the  admixtures  had  been 
neutralized  prior  to  submission  for  test.  They 
were  added  to  the  concrete  in  the  physical  state  in 
which  received  except  Nos.  7,  12,  13,  14,  and  15, 
which  were  dissolved  in  water  before  use  in 
order  to  insure  uniform  distribution  in  the  mix. 


i  Mr.  Jackson  retired  on  October  1,  1953. 

2  See  A.S.T.M.  tentative  specification  C  175-48T. 
The  acceptance  procedure  outlined  in  this  specifica- 
tion was  withdrawn  in  1950.  The  materials  which 
had  been  accepted  prior  to  withdrawal  were  known 
commercially  as  neutralized  Vinsol  resin,  Darex  AEA, 
N-Tair,  and  Airalon. 


3  A  companion  article  in  this  issue  covers  the  chemi- 
cal analysis  of  the  same  air-entraining  admixtures  that 
are  considered  here.  The  samples  are  identically  num- 
bered in  both  cases.  In  this  article  the  samples  are 
grouped  according  to  source,  but  in  the  other  study 
they  are  grouped  according  to  treatment  for  chemical 
analysis. 


Basis  of  Acceptance  and  Summary 
of  Results 

The  criteria  for  acceptance  which  had  been 
established  by  the  Bureau  provides  that,  when 
the  admixture  is  used  in  an  amount  sufficient  to 
entrain  between  3  and  6  percent  air  in  concrete 
of  the  proportions  normally  used  for  pavements 
and  bridges: 

1.  The  flexural  and  compressive  strength  of  the 
concrete  at  the  ages  of  3  days,  28  days,  and  1 
year  shall  be  not  less  than  88  percent  of  the 
strength  of  similar  concrete  of  the  same  cement 
content  and  consistency  but  without  the  admix- 
ture, and 

2.  The  durability  of  the  concrete  as  measured 
by  its  resistance  to  alternate  freezing  and  thawing 
in  water,  using  a  slow  cycle  of  24  hours,  shall 
be  substantially  improved  as  compared  to  the 
durability  of  similar  concrete  of  the  same  cement 
content  and  consistency  but  without  the  admix- 
ture. 

As  the  result  of  the  evaluation  program,  the 
Bureau  has  officially  approved  for  use  on  Govern- 
ment contracts  in  the  National  Parks  and  National 
Forests,  26  of  the  27  materials  which  were  under 
consideration,  including  the  4  which  previously 
had  been  accepted  by  the  A.S.T.M.  (see  p.  278). 
One  material  met  all  of  the  required  tests,  but 
approval  was  deferred  because  the  material,  as 
submitted  by  the  manufacturer,  was  not  in  suit- 
able form  for  use  as  an  admixture.  Except  for  a 
few  relatively  minor  deviations,  the  27  admixtures 
met  the  88-percent  strength  requirement  at  the 
three  ages  of  test.  They  also  complied  with  the  re- 
quirement for  durability,  although  in  this  respect 
the  various  materials  differed  considerably  in  per- 
formance. These  differences  could  not  lie  related 
directly  to  total  air  content,  but  it  is  possible  that 
they  were  influenced  by  differences  in  the  distribu- 
tion or  spacing  of  the  air  voids.  This  possibility 
is  a  subject  for  further  study. 

A  detailed  description  of  the  test  procedures 
employed  in  this  work  and  a  further  discussion 
of  the  results  follows. 

Scope  of  W/ork  and  Materials  Used 

Three  series  of  tests  were  conducted :  Series  I, 
a  study  of  the  effect  of  each  of  the  27  admixtures 
on  the  compressive  and  flexural  strength  of  con- 
crete, using  a  well-graded  crushed  limestone, 
lVj-inch  maximum  size,  as  coarse  aggregate; 
Series  II,  a  similar  study  using  a  siliceous  gravel 
of  identical  size  and  grading  as  in  Series  I  but 
covering  only  a  selected  group  of  15  of  the  27 
admixtures;   and  Series  III,  a  study  of  the  effect 
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Table  1. — Classification  of  admixtures 


No. 


12 
13 
14 
15 
16 
17 
26 


18 
20 


21 
22 


11 
27 


24 
25 


9 
10 

28 


23 


Physical 

state 


Probable  source 


Chemical  constituents  identified 


Group  A :    Salts  of  Wood  Resins 


1 

L 

quid 

2 

do 

3 

do 

4 

do 

5 

do 

6 

do 

7 

P 

>wder 

Pine  wood  stumps 
do  


do 
do 
do 
do 

do 


Sodium  soaps  of  wood  resins. 
__  do. 
_  do. 
.  do. 
do. 
Sodium  and  potassium  soaps  of  wood 

resins. 
Sodium  soaps  of  wood  resins. 


Group  B  :    Synthetic  Detergents 


Flake 
do 
do 
do 

Liquid 
do 
do 


Synthesized  from  petroleum  fractions 
_  do 

..   do   

do   

do 

do       

Direct  source  uncertain  1 


Alkyl  arvl  sulfonate  and  sodium  sulfate. 

do. 

do. 

do. 
Alkyl  aryl  sulfonate. 

Alkyl  aryl  sulfonate  and  sodium  sulfate. 
Alkyl  aryl  sulfonate  and  proteinaceous 
material. 


Group  C :    Salts  of  Sulfonated  Lignin 


Powder 
do      . 


do 

do 


Byproduct  of  paper  pulp  industry 
do  2   


do: 
do: 


Calcium  lignosulfonate.3 

Calcium  lignosulfonate  and  calcium 

chloride.3 
._  do.3 
_  do.-". 


Group  D:    Salts  of  Petroleum  Acids 


Liquid 
do 


Petroleum  refining  processes 
do 


Sodium  soaps  of  carboxylic  acids 
(most  likely  naphthenic). 

Sodium  soaps  of  petroleum  acids  (pos- 
sibly naphthenic)  dissolved  in  petro- 
leum oil. 


Group  E:  Salts  of  Proteinaceous  Materials 


Liquid 
do 


Animal  hide  industry^ 
do    


Calcium  salts  of  complex  proteinaceous 
acids. 

._  do. 


Group  F:    Fatty  and  Resinous  Acids  and  Their  Salts 


Liquid 
do 

do     __•. 

Semisolid 


Byproduct  of  paper  pulp  industry  *_ 

do  ^   

do  * 


Byproduct  of  vegetable  oil  processing _ 


Sodium  soaps  of  lignin,  rosin,  and  fatty 

acids. 
Triethanolamine  and  sodium  soaps  of 

lignin,  rosin,  and  perhaps  fatty  acids. 
Ammonium  and  sodium  soaps  of  lignin 

and  rosin  along  with  appreciable  un- 

saponified  matter. 
Fatty  acids  and  unsaponified  matter. 


Group  G:    Organic  Salts  of  Sulfonated  Hydrocarbons 


Liquid 


Byproduct  of  petroleum  refining  processes 


Triethanolamine  salts  of  sulfonic  acids. 


1  Analysis  shows  two  major  components   present,   separately    derived    from    the    animal    hide    industry    and 
the  petroleum  industry. 
-  Acid  process. 


3  Stated  to  contain  also  a  small  quantity  of  alkyl  aryl  sulfonate. 


4  Alkaline  process. 


of  each  of  the  27  admixtures  on  durability,  as 
measured  by  resistance  to  alternate  freezing  and 
thawing.  In  Series  III  the  same  coarse  aggregate 
was  used  as  in  Series  I,  except  that  the  maximum 
size  was  1  inch.  This  maximum  aggregate  size 
was  due  to  the  smaller  size  specimen  (3  by  4  by 
16-inch)  used  in  the  freezing  tests  as  compared 
with  6  by  6  by  21-inch  beams  and  6  by  12-inch 
c;  linders  used  for  strength  tests. 

Mix  Proportions 

The  mix  data  for  all  series  are  given  in  tables 
2  and  2A.  For  each  series,  two  proportions  were 
used,  one  for  the  base  or  reference  mix  without 
admixture  and  the  other  for  the  mixes  containing 
entrained  air.  All  mixes  were  designed  to  have 
a  cement  content  of  6.0±0.2  sacks  of  cement  per 
cubic    yard,    with    sufficient    water   to    produce    a 


slump  of  approximately  3.0  inches.  For  each 
series,  the  actual  weight  of  coarse  aggregate  per 
sack  of  cement  was  the  same  for  both  types  of 
concrete.  In  the  case  of  the  air-entrained  mixes, 
however,  the  quantity  of  sand  was  reduced  in 
order  to  compensate  for  the  volume  of  added  air, 
thus  maintaining  a  constant  cement  content. 
The  reduction  amounted  to  20  pounds  per  sack 
of  cement  in  the  case  of  Series  I,  17  pounds  in 
the  case  of  Series  II,  and  15  pounds  in  the  case 
of  Series  III.  The  actual  weights  of  aggregates 
per  sack  of  cement  are  shown  in  table  2A. 

In  the  case  of  Series  I,  the  quantities  of  ad- 
mixture used,  air  contents,  and  slumps  are  the 
average  of  three  rounds  of  tests  made  on  different 
days.  For  Series  II,  the  corresponding  values  are 
the  average  of  two  rounds.  In  the  case  of  Series 
III,  the  individual  specimens  were  not  cast  sepa- 
rately but  were  sawed  from  slabs  16  by  24  by  4 


inches  in  depth  which  were  cast  from  single 
batches  of  concrete.  The  values  shown  for  Series 
III  in  table  2  are,  therefore,  the  results  of  tests 
on  the  single  batches  from  which  the  slabs  were 
cast. 

The  procedure  for  determining  the  proper  quan- 
tity of  admixture  to  use  in  each  case  was  as 
follows: 

For  the  first  round  of  Series  I,  the  first  batch 
contained  either  the  amount  of  admixture  recom- 
mended by  the  manufacturer  or  the  minimum  of 
the  recommended  range,  if  so  shown.  If  the  re- 
sulting air  content  was  within  the  3-  to  6-percent 
range  set  up  as  the  criteria  for  acceptance,  the 
batch  was  used.  If  the  air  content  was  within 
the  range  but  close  to  either  limit,  the  quantity 
of  admixture  for  the  second  and  third  rounds 
was  adjusted  either  up  or  down  as  needed  to 
bring  the  air  content  closer  to  the  middle  of 
the  permissible  range.  In  the  case  of  admixture 
6,  for  example,  0.50  ounce  of  admixture  per  sack 
(the  minimum  of  the  recommended  range)  was 
used  in  round  one.  The  resulting  air  content 
was  3.1  percent.  Therefore,  for  the  second  and 
third  rounds  the  quantity  was  increased  to  0.63 
ounce  per  sack,  resulting  in  an  air  content  of  3.8 
percent  for  round  two  and  4.2  percent  for  round 
three.  The  average  values  for  the  three  rounds 
were,  therefore,  0.59  ounce  of  admixture  per  sack 
and  3.7  percent  air  content. 

If  the  observed  air  content  for  the  first  batch 
was  outside  the  limits  of  3  to  6  percent,  the 
batch  was  discarded  and  a  new  batch  using  an 
adjusted  quantity  of  admixture  was  made.  In  the 
three  cases  where  no  recommendations  were  made 
by  the  manufacturers,  trial  batches  were  run  to 
establish  the  correct  quantities. 

For  Series  II,  the  quantities  of  the  admixtures 
were,  in  general,  raised  slightly  as  compared  to 
the  quantities  used  in  Series  I.  This  adjustment 
was  made  because  of  the  lower  sand  content  of 
the  gravel  mixes,  experience  having  shown  that 
without  such  correction  the  air  contents  in  Series 
II  would  have  been  substantially  lower  than  in 
Series  I. 

For  Series  III.  it  was  decided  to  use  the 
optimum  quantity  as  determined  in  Series  I. 
It  was  recognized  that,  because  of  the  higher  sand 
content  of  the  mixes  in  Series  III,  the  use  of  the 
same  quantity  of  admixture  would  probably  in- 
crease the  air  content.  However,  it  was  felt  that 
some  increase  in  air  content  would  be  justified  in 
this  mix  due  to  the  smaller  maximum  coarse 
aggregate  size.  As  will  be  noted  from  table  2, 
the  resulting  air  contents  show  considerable  varia- 
tion. They  will  be  discussed  in  a  later  section 
of  this  report. 

Fabrication  of  Specimens 

A  total  of  10  mixing  days  was  required  to 
complete  fabrication  of  the  specimens  for  Series 
I.  For  each  of  the  27  admixtures,  three  specimens 
of  a  kind  were  cast  on  each  of  3  mixing  days — 
one  for  test  at  3  days,  one  for  test  at  28  days, 
and  one  for  test  at  1  year.  For  the  base  mix. 
three  specimens  of  a  kind  were  cast  on  each  of 
the  10  mixing  days  required  to  complete  the 
program — one  for  test  at  3  days,  one  for  test  at 
28  days,  and  one  for  test  at  1  year.    In  the  case 
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Table 

2. — Concrete  mix 

data  ! 

Admixture 

Series  I : 

Limestone  coarse  aggregate 

Series  II :  Gravel  coarse  aggregate 

Series  III : 

Limestone  coarse  aggregate 

No. 

Physical 

state 

Amount 
recommended 

Admixture 

Water 

Air 

Slump 

Admixture 

Water 

Air 

Slump 

Admixture 

Water 

Air 

Slump 

Base  Mix:    Without  Air-Entraining  Admixture 

None 

Oz./sack 

Oz./sack 

Gal. /sack 
5.6 

Pet. 
1.0 

In. 
3.1 

Oz./sack 

Gal. /sack 
5.0 

Pet. 

1.0 

In. 
3.0 

Oz./sack 

Gal. /sack 
6.1 

Pet. 
1.5 

In. 
2.6 

Group  A  :   Salts  of  Wood  Resins 

1 
2 
3 
4 
5 
6 
7 

Liquid 

-   do 

do 

do 
.   do 

-do- 
Powder 

1-1% 
1 

y2 
y2-i 

1.043 
%-l 
.24 

1.00 
.66 
.4.3 
.75 

1.04 
.59 
.12 

5.2 
5.1 
5.2 
5.1 
5.1 
5.1 
5.1 

5.1 
5.0 
5.1 
4.1 
4.1 
3.7 
5.1 

3.3 
3.0 
3.2 
3.0 
3.2 
3.2 
3.6 

1.02 

.92 

~~".79~"~ 
.12 

4.6 

4.7 

~~~4~6 

4.7 

4.2 

4.4 

~~5~.T~ 
4.6 

3.0 

3.1 

"~3.0~~' 
3.0 

1.00 
.67 
.48 
.75 

1.04 
.63 
.13 

5.6 
5.6 
5.6 
5.6 
5.6 
5.4 
5.6 

6.0 
6.6 
6.8 
5.3 
6.2 
4.8 
7.7 

2.7 
3.0 
3.0 
2.8 
3.7 
2.7 
3.5 

Group  B:    Synthetic  Detergents 

12 
13 
14 
15 
16 
17 
26 

Flake      __ 
_    do 
do 
-do 

0.2-0.3 

.08-.15 

1 

0.14 
.08 
.16 
.06 
.14 
.14 
.18 

5.1 
5.1 
5.1 
5.1 
5.1 
5.1 
5.1 

5.1 
5.1 
5.2 

5.2 

4.7 
4.9 
6.4 

3.3 
3.5 
3.0 
3.0 
3.2 
3.0 
3.6 

0.14 

.19   ~" 

.16 

.19 

4.7 

~~~4~6~~" 
4.6 
4.6 

4.6 

"~~4.9~"" 

4.5 
4.4 

3.5 

"s.V 

3.1 

3.1 

0.16 
.03 
.19 
.05 
.17 
.13 
.17 

5.6 
5.5 
5.4 
5.4 
5.4 
5.4 
5.5 

6.8 
4.6 
8.5 
6.1 
7.5 
6.3 
7.0 

3.0 
3.0 
3.5 
2.8 
3.2 
3.4 
3.6 

Liquid 
_   do 
do 

1 

y6 

Group  C :   Salts  of  Sulfonated  Lignin 

18 
20 
21 
22 

Powder     _ 
do 

___do  

.   _do 

4.00 

6.40 

8.00 

16.00 

4.00 

6.40 

8.00 

16.00 

4.8 
4.8 
4.8 
4.8 

5.4 
5.3 
5.0 
4.3 

3.6 
3.4 
3.1 
3.0 

4.00 

6.40 

8.00 

16.00 

4.9 
4.8 
4.9 
5.0 

6.6 
6.1 
7.3 
3.6 

2.4 
2.0 
3.0 
1.8 









Group  D:    Salts  of  Petroleum  Acids 

11 
27 

Liquid   

_do 

%-% 

0.80 

0.34 

.80 

5.1 
5.1 

3.5 
3.9 

2.9                0.54 
3.2 

4.7 

4.4 

3.2 

0.41 
.81 

5.6 
5.6 

5.0 

4.7 

3.0 
2.5 

Group  E :   Salts  of  Proteinaceous  Materials 

24 
25 

Liquid   

.    do 

4 

1.74 
4.00 

5.0 
5.0 

4.6 
4.5 

3.8                2.27 
3.6                4.71 

4.6 
4.6 

4.3 
3.8 

3.0 
3.7 

1.68 
4.00 

5.5 
5.4 

5.8 
5.5 

3.5 
2.6 

Group  F :   Fatty  and  Resinous  Acids  and  Their  Salts 

8 

9 

10 

28 

Liquid 

-  _do 

do 
Semisolid   _ 

%-l 

% 
%-l 

0.75 
.50 

.58 
.37 

5.2 
5.1 
5.1 
5.0 

3.9 
3.9 
3.8 
4.5 

2.9 
2.8 
2.9 
3.2 

1.37 

.67 

1.03 

4.7 
4.7 
4.6 

4.5 

4.5 
4.0 

3.5 
3.4 
3.5 

0.76 
.50 
.63 

5.6 
5.6 
5.6 
5.6 

3.5 

4.7 
4.5 
7.7 

2.4 
2.7 
2.2 
3.6 

Group  G :    Organic  Salts  of  Sulfonated  Hydrocarbons 

23 

Liquid 

94-1 

0.75 

5.1                  3.9 

2.9 

0.87 

4.7 

3.8 

3.2 

0.76 

5.6 

4.8 

2.4 

l  See  also  table  2A. 


2  Percent  by  weight  of  cement. 


of  all  of  the  air-entrained  concretes  the  values 
reported  are,  therefore,  the  averages  of  3  tests 
made  on  different  days,  whereas  the  values  re- 
ported for  the  base  mix  are  the  average  of  10 
tests  made  on  different  days. 

A  total  of  4  mixing  days  was  required  to  com- 
plete the  specimens  for  Series  II.  For  each  of 
the  15  selected  admixtures,  three  specimens  of 
a  kind  were  cast  on  each  of  2  mixing  days.  From 
the  concrete  made  the  first  day,  two  specimens 
of  a  kind  were  made  for  test  at  28  days  and  one 
for  test  at  1  year.  From  the  concrete  made  the 
second  day,  one  specimen  of  a  kind  was  cast 
for  test  at  28  days  and  two  for  test  at  1  year. 
For  the  base  mix,  three  specimens  of  a  kind  were 
made  on  each  of  the  four  mixing  days.  The 
specimens  made  during  the  first  two  days  were 
tested  at  28  days  and  those  made  the  last  two 
days  at  1  year. 

For  each  of  the  27  admixtures  and  the  base 
mix  used  in  Series  III,  one  16  by  24  by  4-inch 


Table  2A. — Proportions  of  concrete  mixes  by  oven-dry  weight,  in  pounds 


Series 

Coarse 
aggregate 

Base  mix 

Air-entrained  mix 

Cement 

Aggregate 

Cement 

Aggregate 

Fine 

Coarse 

Fine 

Coarse 

I 

II 
III 

Limestone 

Gravel 

Limestone 

94 
94 
94 

195 
170 
215 

350 
370 
315 

94 
94 
94 

175 
153 
200 

350 
370 
315 

slab  was  cast.  Two  mixing  days  were  required 
for  this  portion  of  the  program,  one  base  mix 
slab  being  cast  on  each  mixing  day.  After  a 
preliminary  curing  period  of  14  days  in  moist  air 
followed  by  35  days  in  laboratory  air,  each  slab 
was  prepared  for  test  by  sawing  it  into  seven 
3  by  4  by  16-inch  beams. 

All  mixing  was  done  in  an  open-pan  type 
Lancaster  mixer  of  1%  cubic-foot  capacity.  The 
following  mixing  cycle  was  employed:  The  cement 
plus  the  damp  sand  was  first  mixed  for  30  seconds, 


after  which  the  estimated  total  quantity  of 
mixing  water  plus  the  admixture,  if  any,  was 
added  and  the  mortar  mixed  for  a  further  period 
of  1  minute.  The  coarse  aggregate  in  a  saturated, 
surface-dry  condition  was  then  added  and  the 
concrete  mixed  for  an  additional  2  minutes, 
making  a  total  mixing  period  of  3Mj  minutes. 
Air  contents  were  determined  by  the  pressure 
method,  A.S.T.M.  test  method  C  231-49T.  Con- 
sistency was  controlled  by  means  of  the  standard 
slump  test. 
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Table  3. — Scries  I :    Flexural  and  compressive 

strength  of  concrete  with  limestone  coarse  aggregate 

Admix- 
ture 

Air 

content  ' 

Modulus  of  rupture  '-  at — 

C 

ompressive  strength  3  at — 

3  days 

28  days 

365  days 

3  days 

28  days 

365  days 

Strength 

Ratio 

Strength 

Ratio 

Strength 

Ratio 

Strength 

Ratio 

Strength 

Ratio 

Strength 

Ratio 

Base  Mix:   Without  Air-Entraining  Admixture 

None 

Pet. 

1.0 

P.s.i. 

455 

Pet. 

100 

P.s.i. 

790 

Pet. 

100 

P.s.i. 
800 

Pet. 

100 

P.S.i. 

1,760 

Pet. 

100 

P.s.t. 

4,230 

Pet. 

100 

P.s.i. 

5,530 

Pet. 
100 

Group  A  :    Salts  of  Wood  Resins 

1 
2 
3 

4 
5 
6 

7 

5.1 
5.0 
5.1 
4.1 
4.1 
3.7 
5.1 

430 
420 
455 
400 
455 
475 
420 

97 

94 
102 

90 
102 
107 

94 

730 
770 
710 
745 
775 
820 
730 

92 
97 
90 
94 
98 
104 
92 

730 
810 
710 
790 
800 
810 
740 

91 
101 

89 

99 
100 
101 

92 

1,750 
1,540 
1,680 
1,730 
1,810 
2,110 
1,660 

99 
87 
95 
98 
103 
120 
94 

3,950 
3,910 
3,950 
3,880 
4,130 
4.390 
3,950 

93 
92 
93 
92 
98 
104 
93 

4.980 
5,110 
5,030 
5.390 
5,590 
6,070 
5,100 

90 
92 
91 
97 
101 
110 
92 

Group  B :   Synthetic  Detergents 

12 
13 
14 
15 
16 
17 
26 

5.1 
5.1 
5.2 
5.2 
4.7 
4.9 
5.4 

370 
390 
425 
435 

425 
455 
400 

83 
88 
96 
98 
96 
102 
90 

740 
750 
745 
780 
765 
750 
745 

94 
95 
94 
99 
97 
95 
94 

730 
745 
770 
725 
725 
740 
800 

91 
93 
96 
91 

91 

92 

100 

i,630 

1.580 
1,710 
1.900 
1.870 
1,920 
1,800 

93 
90 
97 
108 
106 
109 
102 

3,920 
3,870 
4,110 
4.350 
4.170 
4,410 
4,090 

93 

ai 

97 
103 

99 
104 

97 

4,700 
4,910 
5,180 
5,300 
5,310 
5,420 
5,190 

85 
89 
94 
96 
96 
98 
94 

Group  C :   Salts  of  Sulfonated  Lignin 

18 
20 
21 
22 

5.4 
5.3 
5.0 
4.3 

535 
575 
560 
635 

120 
129 
126 
143 

800 
830 

820 
845 

101 
105 
104 
107 

800 
840 
880 
850 

:oo 

105 

110 
10b 

2.380 
2.430 
2,730 
3,130 

135 
138 
155 

178 

4,950 
4,880 
5,100 
5.300 

117 
115 
121 
125 

6.260 
6.210 
6,450 
6,800 

113 
112 
117 
123 

Group  D:    Salts  of  Petroleum  Acids 

11 
27 

3.5 
3.9 

440 
455 

99 
102 

760 
745 

96 
94 

770 
790 

96 
99 

1,810 
1,980 

103 
112 

3,950 
4,000 

93 

95 

5,460 
5,440 

99 

98 

Group  E :   Salts  of  Proteinaceous  Materials 

24 
25 

4.6 
4.5 

455 
470 

102 
106 

780 
835 

99 
106 

780 
795 

98 
99 

1,900 
2,010 

108 
114 

4,300 
4,220 

102 
100 

5,760 
5.620 

104 
102 

Group  F :   Fatty  and  Resinous  Acids  and  Their  Salts 

8 

9 

10 

28 

3.9 
3.9 

3.8 
4.5 

440 
480 
510 

455 

99 
108 
115 
102 

770 
840 
855 

770 

97 
106 
108 

97 

770 
815 
870 
760 

96 
102 
109 

95 

1,830 
1,870 
2,070 
1,930 

104 
106 
118 
110 

4,130 

4,450 
4,330 
4.370 

98 
105 
102 
103 

5,180 
5,070 
6,000 
5,530 

94 

92 

108 

100 

Group  G :   Organic  Salts  of  Sulfonated  Hydrocarbons 

23 

3.9 

470 

106 

775 

98 

795 

99 

1,920 

109 

4.240 

100 

5,420 

9S 

i  Air  content  determined  by  A.S.T.M.  tentative  method  C  231-49T. 

-  Specimens  were  6  by  6  by  21-inch  beams  tested  in  accordance  with  A.S.T.M.  standard  method  C  78-49.  Each  value  for  the  base  mix  is  the  average  of  10  tests  and  for 
all  other  groups  is  the  average  of  3  tests.    Ratio  values  for  relative  strength  are  based  on  the  strengths  for  the  base  mix. 

3  Specimens  were  6  by  12-inch  cylinders  tested  in  accordance  with  A.S.T.M.  standard  method  C  39-49.  Each  value  for  the  base  mix  is  the  average  of  10  tests  and  for  all 
other  groups  is  the  average  of  3  tests.    Ratio  values  for  relative  strength  are  based   on  the  strengths  for  the  base  mix.  • 


Testing  Procedures 

All  strength  specimens  were  molded,  cured, 
and  tested  strictly  in  accordance  with  applicable 
A.S.T.M.  procedures.  All  specimens  were  con- 
tinuously moist  cured  until  tested.  Of  the  seven 
beams  which  were  sawed  from  each  slab  cast  in 
connection  with  the  Series  III  program,  two  were 
subjected  to  freezing  and  thawing,  two  were 
tested  for  flexural  strength  at  the  start  of  the 
freezing  test,  and  three  were  held  for  further 
tests.  After  sawing,  the  specimens  for  the  freezing 
and  thawing  test  and  the  corresponding  control 
specimens  were  stored  in  laboratory  air  for  10 
days  and  then  immersed  in  water  for  7  days 
prior  to  test.  The  specimens  held  for  future  tests 
were   stored   in   moist   air. 


A  24-hour  cycle  was  used  in  making  the  freezing 
and  thawing  tests.  Specimens  were  frozen  in 
water  at  — 10°  F.  for  18  hours  and  thawed  in 
water  at  70°  F.  for  6  hours.  Each  specimen  was 
frozen  in  an  individual  metal  container  of  such 
size  as  to  provide  about  one-eighth-inch  clearance 
on  all  sides.  The  specimens  in  the  containers 
were  placed  vertically  in  the  freezing  chamber. 
The  refrigerant,  in  this  case  alcohol,  entirely 
surrounded  the  containers  to  a  height  of  about 
18  inches.  After  each  cycle,  the  specimens  were 
removed  from  the  containers  and  turned  upside 
down.  The  water  in  the  containers  was  also 
changed. 

Resistance  to  the  effects  of  alternate  freezing 
and  thawing  was  determined  periodically   during 


the  test  by  measuring  changes  in  the  dynamic 
modulus  of  elasticity  of  the  concrete,  with  equip- 
ment of  the  type  generally  used  for  this  purpose. 
Inasmuch  as,  for  a  given  specimen,  changes  in 
dynamic  E  are  proportional  to  changes  in  the 
square  of  the  natural  frequency  of  vibration 
(N-)  it  is  possible  to  use  the  reduction  in  iV2 
directly  as  a  measure  of  deterioration.  This  pro- 
cedure avoids  the  necessity  of  calculating  values 
for  dynamic  E  and  is  the  one  customarily  used. 
Freezing  and  thawing  was  continued  until  the 
specimens  showed  a  loss  in  N'2  of  approximately 
40  percent,  or  for  200  cycles,  whichever  occurred 
first.    They  were  then  broken  in  flexure. 

In  order  to  express  in  a  single  figure  the  loss 
in  N-  as  related  to  the  number  of  cycles  required 
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to  produce  that  loss,  a  value  known  as  the  dur- 
ability factor  DF  is  used.  The  values  for  DF 
shown  in  table  5  were  calculated  as  follows: 


DF  -  (100— L)  (- 


200 


) 


Where: 

DF  =  durability  factor. 
L  =  loss  in  A'2  at  n  cycles   (from  table  5). 
7i  =  number  of  cycles  at  which  the  loss  in 
A'2  reaches  40  percent,  or  200  if  loss 
in  TV2  does  not  reach  40  percent  by 
the  end  of  the  test  (200  cycles). 
The  strength  ratios  reported  in  table  5  are  the 
ratios  of  the  flexural  strengths  of  specimens  after 
freezing  and  thawing  expressed  as  percentages  of 
the  strengths  of  the  corresponding  control  speci- 
mens, tested  at  the  time  the  freezing  and  thawing 
test  was  started. 

Discussion  of  Test  Results 

The  results  of  these  tests  are  shown  in  tables 
2-5  and  in  figures  1-4.  The  data  will  be  dis- 
cussed in  terms  of  the  three  principal  objectives 
of  the  investigation.  These  were  to  determine,  for 
each  admixture,  (1)  its  ability  to  entrain  air  in 
concrete,  (2)  its  effect  on  the  compressive  and 
flexural  strength  of  concrete,  and  (3)  its  effect 
on  the  durability  of  concrete. 

Ability  to  Entrain  Air 

Table  2  shows,  for  each  admixture  and  for  each 
series,  the  amount  of  admixture  to  be  used,  as 
recommended  by  the  manufacturer,  the  amount 
actually  used,  and  the  corresponding  air  and 
water  content  and  slump  of  the  concrete.  It  will 
be  noted  that,  in  most  cases,  the  amount  of 
admixture  which  was  used  was  either  the  same 
as,  or  reasonably  close  to,  the  amount  recom- 
mended. Principal  exceptions  were  admixtures 
14  and  16,  where  only  about  one-seventh  of  the 
recommended  amount  was  used,  and  admixture 
7,  where  only  about  half  of  the  recommended 
quantity  was  used.  The  tendency,  in  general,  was 
to  use  somewhat  less  than  the  amounts  recom- 
mended. 

In  Series  I  and  II  (the  strength  tests)  the 
amount  of  air  entrained  in  the  concrete  was  in 
every  case  within  the  usually  specified  limits  of 
3  to  6  percent.  Actually  the  total  range  for  the 
27  admixtures  was  less  than  2  percent  (3.5  to 
5.4  percent)  with  only  9  values  out  of  42  falling 
below  4.0  percent.  The  materials  in  group  A, 
the  salts  of  wood  resins,  in  group  B,  the  synthetic 
detergents,  and  in  group  C,  the  salts  of  sulfonated 
lignin,  gave  in  general  somewhat  higher  air  con- 
tents than  the  materials  in  groups  D,  E,  F,  and 
G.  This,  of  course,  was  on  the  basis  of  using  an 
amount  of  admixture  either  the  same  as  or  close 
to  the  amount  recommended.  Increasing  the 
quantity  above  the  recommended  amount  would, 
of  course,  have  raised  the  air  content.  However, 
as  previously  explained,  adjustments  of  this  sort 
were  not  made  so  long  as  the  air  content  obtained 
with  the  recommended  amount  of  admixture  fell 
well  within  3  to  6  percent. 

As  already  noted,  it  was  decided  to  use  the 
same  quantities  of  admixture  in  Series  III  (the 
durability  tests)  as  were  used  in  Series  I,  even 
though  it  was  realized  that,  because  of  the  higher 


percentage  of  sand,  higher  air  contents  would 
probably  be  obtained.  From  table  2  it  will  be 
seen  that  the  air  contents  in  Series  III  were,  in 
general,  not  only  considerably  higher  than  in 
Series  I  and  II  but  that  they  were  also  more 
variable.  The  total  range  was  from  3.5  to  8.5 
percent,  with  14  values  above  6.0  percent,  5  values 
of  7.0  percent  or  more,  and  2  values  below  4.0 
percent.  Two  possibilities  occur  as  to  the  reasons 
for  these  comparatively  wide  variations.  In  the 
first  place,  each  value  in  Series  III  was  the  result 
of  only  one  test  on  one  batch  of  concrete  (the 
batch  required  for  casting  the  16  by  24  by  4-inch 
slab),  whereas  in  Series  I  and  II  each  value  was 
the  average  of  one  test  on  each  of  three  or  two 
batches  made  on  different  days.  In  the  second 
place,  the  higher  sand  mix  used  in  Series  III 
was  probably  somewhat  more  critical  with  respect 
to  variables  which  affect  air  content  than  the  low 
sanded  mixes  used  in  Series  I  and  II.  However, 
as  will  be  explained  later,  there  appeared  to  be 
little  or  no  relation  between  durability  and  total 
air  content  provided  entrained  air  was  present, 
so  that  from  the  standpoint  of  evaluating  the 
individual    admixtures    these    comparatively    wide 


variations  in  total  air  content  were  unimportant. 

It  may  also  be  noted  from  table  2  that  the 
consistency  of  the  concrete  was  quite  uniform 
throughout  the  tests.  In  Series  I  and  II  the 
maximum  range  in  slump  in  42  tests  was  only  1 
inch,  the  maximum  value  being  3.8  inches  and 
the  minimum  value  2.8  inches.  In  the  case  of 
Series  III  the  range  was  somewhat  greater,  being 
1.9  inches,  with  the  maximum  3.7  inches  and  the 
minimum  1.8  inches.  It  is  probable  that  these 
variations  in  slump  accounted  at  least  in  part 
for  the  variations  in  air  content  obtained  in 
Series  III. 

For  each  series  the  water  contents  of  the  various 
air-entrained  concretes  were  about  the  same,  with 
the  exception  of  the  four  admixtures  in  group  C, 
which  required,  on  the  average,  about  0.4  gallon 
of  water  per  sack  less  than  the  admixtures  in 
the  other  groups.  With  this  exception,  the  reduc- 
tion in  water  content  due  to  air  entrainment  was 
about  0.5  gallon  per  sack  with  a  tendency  towards 
a  somewhat  greater  reduction  in  the  case  of 
Series  III  (high  sand  content,  1-inch  maximum 
aggregate  size)  as  compared  to  Series  I  (low 
sand  content,  1  Mi-inch  maximum  aggregate  size) . 


Table  4. — Series  II :   Flexural  and  compressive  strength  of  concrete  with  gravel 

coarse  aggregate 


Admix- 
ture 

Air 

content  1 

Modulus  of  rupture  2  at — 

Compressive  strength  3  at — 

28  days 

365  days 

28  days 

365  days 

Strength 

Ratio 

Strength 

Ratio 

Strength 

Ratio 

Strength 

Ratio 

Base  Mix  :   Without  Air-Entraining  Admixture 

None 

Pet. 
1.0 

P.s.i. 

675 

Pet. 

100 

P.S.i. 

650 

Pet. 
100 

P.s.i. 

4,200 

Pet. 
100 

P.s.i. 

5,080 

Pet. 

100 

Group  A :   Salts  of  Wood  Resins 

1 
4 
6 
7 

4.2 
4.4 
5.1 
4.6 

695 
690 
700 
635 

103 

102 

104 

94 

610 
620 
600 
575 

94 
95 
92 
88 

4,050 
3,880 
3,670 
3,910 

96 
92 

87 
93 

4,760 
4,860 
4,990 
4,750 

94 
96 
98 
94 

Group  B :   Synthetic  Detergents 

12 
16 
17 
26 

4.6 

4.9 
4.5 
4.4 

675 
630 
655 
675 

100 
93 
97 

100 

630 
545 
525 
590 

97 
84 
81 
91 

4,010 
3,780 
3,840 
3,780 

95 
90 
91 
90 

4,620 
4,220 
4,720 
4,770 

91 
83 
93 

94 

Group  D:    Salts  of  Petroleum  Acids 

11 

4.4 

640 

95 

630 

97 

3,750 

89 

4,730 

93 

Group  E :   Salts  of  Proteinaceous  Materials 

24  4.3                  680                  101 

25  3.8                 695                  103 

550                    85 
570                   88 

4,020 
4,100 

96 
98 

5,120 
4.900 

101 
96 

Group  F :   Fatty  and  Resinous  Acids  and  Their  Salts 

8 

9 

10 

4.5 
4.5 
4.0 

680 
695 
720 

101 
103 
107 

575                   88 
575                    88 
630                  97 

3,760 
3,770 
3,650 

90 
90 

87 

4,570 
4,660 
5,010 

90 
92 
99 

Group  G :   Organic  Salts  of  Sulfonated  Hydrocarbons 

23 

3.8 

665 

99 

595                    92 

3,870 

92 

4.950 

97 

l  Air  content  determined  by  A.S.T.M.  tentative  method  C  231-49T. 

-  Specimens  were  6  by  6  by  21-inch  beams  tested  in  accordance  with  A.S.T.M.  standard  method  C  78-49.  Each 
value  for  the  base  mix  is  the  average  of  six  tests  and  for  all  other  groups  is  the  average  of  three  tests.  Ratio  values 
for  relative  strength  are  based  on  the  strengths  for  the  base  mix. 

a  Specimens  were  6  by  12-inch  cylinders  tested  in  accordance  with  A.S.T.M.  standard  method  C  39-49.  Each 
value  for  the  base  mix  is  the  average  of  six  tests  and  for  all  other  groups  is  the  average  of  three  tests.  Ratio 
values  for  relative  strength  are  based  on  the  strengths  for  the  base  mix. 
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Figure  1. — Effect  of  air-entraining  admixtures  on  strength  of  concrete:  Groups  A  and  B. 
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ADMIXTURES   IN    GROUP   C- 
SALTS  OF   SULFONATED  LIGNIN 


GROUP   D- 
SALTS  OF 
PETROLEUM   ACIDS 
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ACEOUS   MATERIALS 
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FATTY    AND    RESINOUS 

ACIDS   8  THEIR  SALTS 
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GROUP  G- 
ORGANIC  SALTS 
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HYDROCARBONS 


Figure  2. — Effect  of  air-entraining  admixtures  on  strength  of  concrete:  Groups  C-G. 

Effect  on  Strength  the  27  admixtures  and  the  base  mix    (Series  I)       only    (Series   II)    in   table   4.    These   tables  also 

The  flexural   and   compressive  strengths  of  the       are    shown    in    table    3,    with    the    corresponding       show,    for   each    type   of   test   and    for   each   age 

stone    concrete    containing    each    of      data   for   the   gravel   concrete   for   15   admixtures       tested,  the  ratios  of  the  strengths  developed  with 
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the  admixtures,  expressed  as  percentages  of  the 
strengths  of  the  corresponding  concretes  without 
admixture.  The  strength  ratios  for  both  series 
are  also  plotted  graphically  in  figures  1  and  2. 
It  will  be  convenient,  in  discussing  the  trends 
as  shown  by  these  graphs,  to  consider  the  seven 
groups  of  admixtures  in  order. 

Group  A 

The  strength  ratios  for  the  seven  admixtures 
in  group  A  (the  salts  of  wood  resins)  are  shown 
in  the  left  half  of  figure  1.  It  is  at  once  apparent 
that  in  practically  all  cases  the  strengths,  both 
in  flexure  and  compression,  are  at  least  88  per- 
cent of  the  strengths  of  the  corresponding  base 
mix.  In  fact,  out  of  a  total  of  58  values  there 
are  only  2  which  are  less  than  88  percent — ad- 
mixture 2,  for  which  the  compressive  strength 
ratio  of  limestone  concrete  at  3  days  was  87 
percent,  and  admixture  6,  for  which  the  com- 
pressive strength  ratio  of  gravel  concrete  at  28 
days  was  87  percent.  It  will  be  seen  that  failure 
to  comply  with  the  88-percent  requirement  does 
not  occur  more  than  once  with  any  admixture. 
On  the  basis  of  these  data  all  seven  of  the  ma- 
terials in  group  A  have  been  accepted  as  sub- 
stantially meeting  the  requirement  for  strength. 

There  seems  also  to  be  a  tendency  for  the 
flexural  strength  ratios  to  decrease  with  age.  This 
tendency  is  quite  definite  in  the  case  of  the 
gravel  concrete  and  appears  in  some  degree  in 
the  limestone  concrete  in  five  out  of  the  seven 
cases,  although  two  of  the  admixtures,  Nos.  2 
and  4,  show  a  distinct  trend  in  the  opposite 
direction.  These  trends  are  not  so  well  defined 
in  the  case  of  compressive  strength.  Even  here, 
however,  there  is  a  tendency  for  the  relative 
strength  of  the  limestone  concrete  to  decrease 
with  age. 

In  general,  the  strength  level  of  the  concretes 
containing  the  neutralized  wood  resin  admixtures 
is  about  what  would  be  expected  with  materials 
of  this  type  in  every  case  except  for  admixture  6. 
Although  all  of  these  materials  were  supposed  to 
be  salts  of  wood  resins  with  nothing  added,  the 
comparatively  high  strengths  (particularly  at  3 
days)  developed  by  the  concrete  containing  ad- 
mixture 6  would  indicate  the  possibility  that  an 
accelerator  or  activating  agent  of  some  sort  was 
present  in  this  case. 

Group    B 

The  corresponding  strength  ratios  for  the  seven 
admixtures  in  group  B  (the  synthetic  detergents) 
are  shown  in  the  right  half  of  figure  1.  Again, 
most  of  the  values  are  88  percent  or  more  of 
the  base  mix.  In  this  group,  however,  we  find 
several  which  are  substantially  below  88  percent, 
the  lowest  being  81  percent.  In  two  cases  (ad- 
mixtures 12  and  16),  two  out  of  the  ten  values 
show  ratios  of  less  than  88  percent  whereas,  in 
the  case  of  admixture  17,  one  out  of  ten  values 
is  less  than  88  percent. 

As  in  group  A,  there  is  a  tendency  in  group  B 
for  the  strength  ratios  to  decrease  with  age.  Of 
the  22  comparisons  in  the  right  half  of  figure  1, 
17  show  this  tendency  in  some  degree.  A  definite 
reversal  is  indicated  in  only  three  instances.  These 
are  admixture  26,  limestone  concrete  in  flexure 
and  gravel  concrete  in  compression,  and  admix- 
ture 17,  gravel  concrete  in  compression.    On  the 


basis  of  the  data,  all  seven  of  the  admixtures  in 
group  B  have  been  accepted  as  substantially 
meeting  the  requirement  for  strength. 

Group    C 

The  strength  ratios  developed  by  the  crushed 
limestone  concrete  containing  the  four  admixtures 
in  group  C  (salts  of  sulfonated  lignin)  are  shown 
in  the  left  side  of  figure  2.  All  of  these  materials 
(the  products  of  one  manufacturer)  developed 
substantially  higher  strengths,  particularly  at  3 
days,  than  any  of  the  other  admixtures.  In  the 
case  of  three  of  the  four  admixtures  in  this  group, 
Nos.  20,  21,  and  22,  high  early  strength  was 
probably  due,  at  least  in  part,  to  the  presence 
of  substantial  amounts  of  calcium  chloride  in  the 
admixture.  In  fact,  there  seems  to  be  a  fairly 
good  relation  between  the  amount  of  calcium 
chloride  in  the  admixtures,  as  revealed  by  chemi- 
cal   analysis,   and   the   3-day   strength.     However, 


the  fact  that  strength  ratios  as  high  as  135  in 
compression  and  120  in  flexure  at  3  days  were 
developed  by  admixture  18  which,  according  to 
the  manufacturer's  statement,  contained  no  cal- 
cium chloride,  would  indicate  that  some  other 
factor,  possibly  the  dispersing  effect  of  the  cal- 
cium lignosulfonate  on  the  cement,  contributed 
to  the  high  strengths  which  were  obtained.  It  is 
also  interesting  to  note  that,  in  the  case  of  all 
four  of  the  group  C  materials,  concrete  of  the 
required  consistency  was  obtained  with  water 
contents  approximately  0.3  to  0.4  gallon  per  sack 
of  cement  less  than  was  required  for  the  other 
materials  (see  table  2). 

Group    D 

Strength  ratios  for  the  two  materials  in  group  D 
(salts  of  petroleum  acids)  are  shown  in  the  center 
of  figure  2.  All  of  the  values  are  above  the  88- 
percent  limit   set  for  evaluation   purposes.    How- 


TabI 

b5. — 

Series  III:  Summary  of  freezing 

and  thawing  tests 

Loss  in  N2  at —  cvcles 

Cycles 

Modulus  of  rupture 

Admix- 
ture 

Air 
content 

at  40 
percent 

Dura- 
bility 
factor 

Control 
speci- 

Frozen and 
thawed 

Str'gth 
ratio 

10 

50 

100 

150 

180 

200 

men 

Base  Mix:   Without  Air-Entraining  Admixture 

Pet. 

Pet. 

Pet. 

Pet. 

Pet. 

Pet. 

Pet. 

P.s.i. 

P.s.i. 

Pet. 

None 

1.5 

16 

2  54 









27 

8 

890 

280   (32) 

31 

Group  A :   Salts  «f  Wood  Resins 

1 

6.0 

4 

8 

24 

35 

40 

180 

54 

770 

375  (180) 

49 

2 

6.6 

5 

8 

22 

34 

39 

182 

55 

715 

355  (180) 

50 

3 

6.8 

5 

8 

24 

34 

41 

178 

53 

690 

360  (180) 

52 

4 

5.3 

5 

9 

28 

39 

52 

155 

46 

860 

360  (180) 

42 

5  . 

6.2 

4 

7 

17 

28 

34 

341 

3  195 

3  59 

800 

6 

4.8 

2 

3 

15 

24 

28 

34 

200  + 

66 

840 

420  (200) 

50 

7 

7.7 

4 

6 

21 

35 

42 

174 

52 

725 

360  (180) 

50 

Group  B :   Synthetic  Detergents 

12 

6.8 

3 

7 

21 

34 

41 

178 

53 

690 

360  (180) 

52 

13 

4.6 

5 

6 

20 

30 

33 

37 

200  + 

63 

770 

455  (200) 

59 

14 

8.5 

5 

6 

21 

32 

38 

186 

56 

800 

400  (180) 

50 

15 

6.1 

5 

7 

17 

27            29 

35 

200  + 

65 

735 

425  (200) 

59 

16 

7.5 

2 

5 

17 

26 

30 

36 

200+ 

64 

795 

390  (200) 

49 

17 

6.3 

5 

6 

18 

2« 

33 

40 

200 

60 

780 

440  (200) 

56 

26 

7.0 

5 

6 

18 

28 

32 

39 

200  + 

61 

800 

345  (200) 

43 

Group  C :   Salts  of  Sulfonated  Lignin 

18 

6.6 

4 

5 

14 

22 

26 

31 

200  + 

69 

970 

445  (200) 

46 

20 

6.1 

4 

8 

17 

25 

28 

34 

200  + 

66 

920 

495  (200) 

54 

21 

7.3 

2 

6 

17 

26 

29 

35 

200  + 

65 

950 

385  (200) 

41 

22 

3.6 

2 

11 

24 

37 

44 

163 

49 

1000 

490  (180) 

49 

Group  D:    Salts  of  Petroleum  Acids 

11 

5.0 

5 

7 

22 

36 

49 

159 

48 

915 

340  (180) 

37 

27 

4.7 

5 

10 

26 

38 

48 

156 

47 

730 

305  (180) 

42 

Group  E:  Salts  of  Proteinaceous  Acids 

24 

5.8 

3 

7 

22 

32 

37 

44 

189 

57 

860 

410  (200) 

48 

25 

5.5 

2 

7 

18 

32 

40 

180 

54 

935 

425  (180) 

45 

Group  F :   Fatty  and  Resinous  Acids  and  Their  Salts 

g 

3.5 

8 

22 

*46 

80 

24 

790 

280  (85) 

35 

9 

4.7 

4 

11 

33 

5  43 

118 

35 

780 

380  (125) 

49 

10 

4.5 

3 

5 

21 

28 

36 

55 

185 

56 

920 

320  (200) 

35 

28 

7.7 

6 

7 

23 

31 

34 

39 

200  + 

61 

650 

370  (200) 

57 

Grot 

jp  G :    Organic  Salts  of  Sulfonated  Hydrocare 

ONS 

23 

4.8 

5 

13 

28 

39            46         

152                 46 

760 

350  (180) 

46 

Each  value  is  the  average  of  two  tests. 

1  Figures  in  parentheses  indicate  number  of  cycles  at  which  test  was  made. 

2  Tested  at  32  cycles.  3  Specimens  damaged  after  180  cycles.    Value  estimated  from  probable  curve. 
4  Tested  at  85  cycles.                      5  Tested  at  125  cycles. 
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ever,  there  is  the  same  tendency  for  the  ratios 
to  decrease  with  age  as  has  been  previously  noted, 
except  that  in  the  case  of  these  materials  a 
general  tendency  to  recover  strength  somewhat 
between  28  days  and  1  year  is  also  noted.  These 
two  admixtures  therefore  met  the  requirement  for 
strength. 

Croups   E,   F,   and   G 

Strength  ratios  for  the  materials  in  group  E 
(salts  of  proteinaceous  materials),  group  F  (fatty 
and  resinous  acids  and  their  salts),  and  group  G 
(organic  salts  of  sulfonated  hydrocarbons)  are 
shown  in  the  right  side  of  figure  2.  It  will  be 
noted  that,  in  the  case  of  the  limestone  concrete, 
all  of  these  materials  meet  the  88-percent  strength 
requirement,  both  in  flexure  and  compression. 
In  the  case  of  the  gravel  concrete  in  flexure, 
however,  one  of  the  materials  (No.  24)  is  below 
the  88-percent  limit  at  1  year,  while  in  compres- 
sion one  material  (No.  10)  is  slightly  under  at 
28  days.  Again,  the  tendency  for  the  strength 
ratios  to  decrease  with  age  is  apparent,  although 
the  differences  in  some  instances  are  not  signifi- 
cant. These  materials  have  all  been  accepted  as 
complying  substantially  with  the  requirement  for 
strength. 

Effect  on  Durability 

The  data  from  the  freezing  and  thawing  tests 
are  shown  in  tabular  form  in  table  5.  The  results 
are  presented  as  the  loss  in  N2  at  10,  50,  100. 
150,  180,  and  200  cycles,  the  number  of  cycles 
required  to  cause  a  40-percent  reduction  in  N2, 
the  durability  factor,  the  modulus  of  rupture 
determined  both  at  the  conclusion  of  the  freezing 
and  thawing  test  and  on  the  corresponding  con- 
trol specimens,  and  the  ratio  of  the  flexural 
strength  of  the  frozen  and  thawed  specimen 
expressed  as  a  percentage  of  the  strength  of  the 
corresponding  control  specimen.  The  reductions 
in  ./V2  plotted  against  the  number  of  cycles  of 
freezing  and  thawing  are  shown  for  each  admix- 
ture in  figure  3,  while  in  figure  4  the  durability 
factors  and  the  corresponding  ratios  of  the 
strengths  of  the  frozen  and  thawed  specimens  to 
the  strengths  of  the  control  specimens  have  been 
plotted  in  bar  diagram  form. 

In  view  of  the  fact  that  the  durability  factor 
is  generally  considered  to  be  a  satisfactory 
measure  of  the  effect  of  alternate  freezing  and 
thawing,  this  value  will  be  used  as  the  primary 
basis  of  comparison  of  the  various  admixtures. 
This  will  be  followed  by  a  brief  discussion  of  the 
value  of  the  strength  test  for  the  same  purpose. 

Durability  Factor  Comparisons 

For  the  seven  materials  in  group  A  (salts  of 
wood  resins),  it  will  be  noted  that  the  durability 
factors  range  from  a  low  of  46  to  a  high  of  66, 
as  compared  with  8  for  the  base  mix  without  air 
entrainment.  Air  contents  varied  from  4.8  to  7.7 
percent.  However,  there  appears  to  be  little  or 
no  relation  between  total  air  content  and  dur- 
ability. For  example,  the  admixture  with  the 
lowest  air  content,  No.  6,  shows  the  highest 
durability  factor,  66,  whereas  the  admixture  with 
the  highest  air  content,  No.  7,  has  next  to  the 
lowest  durability  factor.  These  apparent  dis- 
crepancies may  be  related  to  a  variable  which, 


O  25  50  75  IOO  125  150  ISO     200 

CYCLES      OF     FREEZING    AND     THAWING 

Figure  3. — Resistance  of  concrete  to  alternate  freezing  and 
thawing  as  influenced  by  different  air-entraining  ad- 
mixtures. 


although  not  as  yet  clearly  understood,  is  being 
intensively  studied — the  effect  on  durability  of 
size  and  distribution  of  the  air  voids  in  the 
concrete.  This  is  a  variable  which,  so  far,  has 
been  impossible  to  control  in  the  laboratory. 
There  is  good  reason  to  believe  that  variations 
in  the  size  and  spacing  of  the  bubbles  of  en- 
trained air  in  concrete  may  well  cause  marked 
differences  in  durability  even  though  the  total 
air  content  remains  the  same,  and  it  is  quite 
possible  that  uncontrolled  variations  of  this  kind 
may  account  for  the  lack  of  correlation  between 
total  air  content  and  durability  factor  shown  by 
these  tests. 

In    group    B    (the    synthetic    detergents),    the 


durability  factors  vary  from  a  low  of  53  to  a  high 
of  65.  Five  of  the  seven  values  are  60  or  more, 
indicating  a  considerably  higher  general  level 
for  this  group  than  for  group  A.  Air  contents 
vary  from  4.6  to  8.5.  As  in  group  A,  however, 
there  is  little  correlation  between  total  air  con- 
tent and  durability,  indicating  in  this  case  also 
the   influence  of  some  uncontrolled  factor. 

The  materials  in  group  C  (salts  of  sulfonated 
lignin),  with  the  single  exception  of  admixture 
22,  attained  a  higher  general  level  of  durability 
than  those  of  any  of  the  other  groups.  In  this 
case  there  does  seem  to  be  some  relation  between 
air  content  and  durability,  at  least  so  far  as 
admixture  22  is  concerned.    This  particular  mem- 
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Figure  4. — Results  of  freezing  and  thawing  tests. 


ber  of  the  group  had  an  air  content  of  3.6  per- 
cent, the  lowest  of  the  group  by  a  wide  margin. 
It  also  showed  the  lowest  durability  factor  of 
any  of  the  four  materials  in  this  group.  Although 
it  may  be  without  significance,  it  is  interesting 
to  note  that  a  chemical  analysis  of  admixture  18, 
having  the  highest  durability  factor  in  the  group, 
revealed  the  presence  of  only  a  trace  of  calcium 
chloride.  All  of  the  other  materials  in  the  group 
contained  an  appreciable  quantity  of  this  salt. 

The  durability  factors  of  the  two  materials  in 
group  D  (salts  of  petroleum  acids)  were  some- 
what lower  than  the  general  level  for  groups  A, 
B,  and  C.  Durability  factors  of  two  of  the 
materials  in  group  F  (fatty  and  resinous  acids 
and  their  salts) — admixtures  8  and  9 — were  also 
comparatively   low.    The   other   two   materials   in 


group  F,  as  well  as  the  two  admixtures  in  group 
E  (salts  of  proteinaceous  materials),  showed  dur- 
ability factors  at  about  the  same  general  level 
as  the  first  two  groups  but  somewhat  lower  than 
group  C.  As  in  other  instances,  the  durability 
factors  of  the  materials  in  these  groups  bear  little 
relation  to  total  air  content  except  possibly  for 
admixture  8.  The  concrete  containing  this  ad- 
mixture, with  air  content  of  only  3.5  percent, 
showed  the  least  durability  factor  of  any  of  the 
materials  tested. 

The  one  admixture  classified  in  group  G 
(organic  salts  of  sulfonated  hydrocarbons)  pro- 
duced concrete  with  a  durability  factor  of  46, 
somewhat  below  the  general  level  of  groups  A, 
B,  and  C.  This  concrete  contained  4.8  percent 
air. 


Flexural  Strength  Loss 

The  last  column  of  table  5  shows  the  relative 
effect  of  freezing  and  thawing  on  flexural  strength. 
In  making  comparisons  between  admixtures  on 
the  basis  of  strength  loss,  the  number  of  cycles 
at  which  the  test  was  made  must  be  taken  into 
consideration.  For  example,  the  strength  ratio  of 
31  shown  for  the  base  mix  cannot  be  compared 
directly  with  the  corresponding  ratios  for  any  of 
the  air-entrained  concretes  because  the  base  con- 
crete was  tested  after  only  32  cycles  whereas 
for  most  of  the  admixtures  the  strength  tests 
were  made  after  either  180  or  200  cycles.  It  was 
to  take  care  of  this  variable  that  the  durability 
factor  was  developed.  For  any  given  number  of 
cycles,  however,  the  strength  ratios  can  be  com- 
pared directly.  For  example,  in  the  case  of  the  12 
concretes  which  were  tested  for  strength  at  180 
cycles,  the  two  methods  with  one  exception  corre- 
late reasonably  well.  Except  for  this  case  (admix- 
ture 11),  the  range  in  durability  factor  was  from 
46  to  55,  with  the  corresponding  range  in  strength 
ratio  from  42  to  52. 

Summary  of  Durability  Tests 

Summarizing,  it  has  been  shown  that  all  of  the 
admixtures  included  in  this  program,  when  used 
in  amounts  sufficient  to  entrain  3  to  6  percent 
air,  substantially  improved  the  durability  of  con- 
crete. There  was,  however,  a  considerable  range 
in  the  relative  resistance  of  the  various  air- 
entrained  concretes,  the  durability  factors  varying 
from  a  low  of  24  for  admixture  8  to  a  high  of 
69  for  admixture  18.  It  has  been  shown  that 
these  variations  are  not  related  to  the  total  air 
content  of  the  concrete  but  that  they  may  very 
-well  be  due  to  some  as  yet  uncontrolled  variable 
related  to  air  content,  such  as  the  size  and  spacing 
of  the  air  bubbles.  On  the  basis  of  these  tests 
it  is  concluded  that  all  of  the  admixtures  in- 
cluded in  this  study,  except  No.  28  which,  as  has 
been  stated,  was  submitted  in  such  form  as  to 
require  further  processing  before  use,  should  be 
classified  as  satisfactory  provided  they  are  used 
in  quantities  which  will  entrain  between  3  and  6 
percent  air  in  the  concrete.  A  list  of  the  accept- 
able admixtures  appears  on  page  278. 


NEW   PUBLICATIONS 


Now  available  is  the  Annual  Report  of  the 
Bureau  of  Public  Roads,  Fiscal  Year  1953, 

which  may  be  purchased  from  the  Superintendent 
of  Documents,  Government  Printing  Office,  Wash- 
ington 25,  D.  C.,  at  25  cents  a  copy.  The  45  pages 
of  text  and  27  pages  of  statistical  tables  describe 
the  operation  of  the  Federal-aid  highway  program 
during  the  fiscal  year  ended  June  30,  1953.    Also 


reported  are  the  Bureau's  construction,  research, 
and  foreign  activities  during  the  period. 

Also  available  is  the  Bureau's  Highway  Statis- 
tics, 1952,  the  eighth  of  the  bulletin  series  pre- 
senting annual  statistical  and  analytical  tables  of 
general   interest   on    the   subjects   of   motor   fuel, 


motor  vehicles,  highway-user  taxation,  financing 
of  highways,  and  highway  mileage.  The  142-page 
publication  may  be  purchased  from  the  Superin- 
tendent of  Documents,  Government  Printing  Office. 
Washington  25,  D.  C.,  at  75  cents  a  copy.  The 
full  series  of  the  annual  bulletins  are  available 
from  the  Superintendent  of  Documents,  as  indi- 
cated on  the  inside  back  cover  of  Public  Roads. 
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Chemical  Analysis  and  Sources  of 

Air-Entraining  Admixtures  lor  Concrete 


Reported  by  WOODROW  J.  HALSTEAD 
and  BERNARD  CHAIKEN,  Chemists 


BY  THE  PHYSICAL  RESEARCH  BRANCH 
BUREAU  OF  PUBLIC  ROADS 


THE  CHANGES  in  properties  caused  by  en- 
trained air  in  portland  cement  concrete  have 
been  studied  extensively  and  information  is  gen- 
erally available  to  show  the  immediate  effects 
to  be  expected  for  a  given  amount  of  entrained 
air.  Since  most  of  this  work  has  been  done  with 
only  three  approved  admixtures,  each  of  which 
is  a  proprietary  product,  the  longtime  effects  of 
these  particular  materials  on  the  strength  and 
durability  of  the  concrete  are  also  well  estab- 
lished. Recently,  however,  the  number  of  air- 
entraining  admixtures  on  the  market  has  increased 
greatly  and,  while  their  ability  to  entrain  air  in 
the  concrete  and  their  initial  effect  on  its  strength 
can  be  determined  within  a  relatively  short  time, 
the  demonstration  of  their  effect  on  longtime 
strength  as  well  as  on  durability  requires  much 
more  extensive  testing.1 

The  American  Society  for  Testing  Materials 
has  adopted  a  tentative  specification  for  air- 
entraining  admixtures,  C  260-52T,  and  a  method 
of  test,  C  233-52T(7)2  In  effect,  this  specifica- 
tion and  method  of  testing  describe  a  lengthy 
program  of  evaluation  of  the  admixture  by  com- 
paring most  of  the  important  properties  of  con- 
crete specimens  made  both  with  and  without  the 
admixture.  Because  of  the  length  of  time  and 
expense  involved  in  such  a  program,  however,  it 
is  impracticable  to  apply  as  a  control  measure. 
Accordingly,  once  a  product  has  been  shown  to 
be  satisfactory,  the  general  policy  of  many  con- 
sumer organizations  is  either  to  approve  subse- 
quent use  of  the  material  without  further  tests 
or  to  require  only  tests  to  determine  ability  to 
entrain  air  and  effect  on  strength. 

Unfortunately,  even  when  the  latter  practice  is 
followed  there  is  no  assurance  that  materials 
supplied  at  different  times  under  the  same  brand 
name  will  be  uniform  in  composition,  since  the 
results  of  limited  performance  tests  will  not 
necessarily  reflect  changes  in  the  composition  of 
a  product.  Appreciable  alteration  in  the  compo- 
sition of  a  product  could  affect  its  influence  on 
the  strength  and  durability  of  the  concrete  and 
thus  it  is  extremely  desirable  to  obtain  some 
assurance  that  each  lot  of  material  will  have 
substantially  the  same  composition  as  that  initially 
approved. 


This  article  presents  the  results  of  an  investigation  of  the  practicability  of 
applying  chemical  analyses  as  a  means  of  identifying  and  controlling  the  uni- 
formity of  the  various  air-entraining  admixtures  used  in  concrete.  Some  such 
means  of  identification  and  control  is  needed,  since  the  general  practice  at  the 
present  time  is  to  approve  a  specific  material  for  use  after  extended  laboratory- 
tests  or  actual  experimental  installations  have  shotvn  it  to  be  satisfactory.  Subse- 
quent purchases  of  the  satne  material  are  then  approved  either  without  further 
tests  or  on  the  basis  of  a  limited  number  of  short-term  physical  tests,  but  such 
limited  tests  do  not  necessarily  give  the  consumer  any  assurance  that  the  material 
purchased  under  the  same  trade  name  on  separate  occasions  will  be  uniform  in 
composition. 

This  investigation  showed  that  air-entraining  admixtures  could  be  classified 
into  a  limited  number  of  types,  each  of  which  contained  major  constituents  that 
could  be  fairly  easily  determined  in  the  laboratory.  It  is  concluded  that  the 
quantitative  determinations  of  these  constituents  can  be  used  as  means  for  ade- 
quately ascertaining  the  uniformity  of  different  lots  of  the  same  materials,  some- 
thing which  cannot  be  accomplished  by  short-term  physical  tests  as  note  applied. 

A  qualitative  scheme  for  the  classification  of  unknown  materials  as  to  the 
type  or  types  of  compounds  present  was  developed  as  a  part  of  this  investigation. 
The  principles  applied  in  making  the  quantitative  determinations  of  the  various 
constituents  are  discussed  and  the  methods  that  are  suitable  for  use  in  each 
case  are  given. 


i  A  companion  article  in  thia  issue  presents  an  eval- 
uation of  the  same  air-entraining  admixtures  that  are 
considered  here.  The  samples  are  identically  numbered 
in  both  cases.  In  this  article  the  samples  are  grouped 
according  to  treatment  for  chemical  analysis,  but  in 
the  evaluation  study  they  are  grouped  according  to 
source. 

-  Italic  numbers  in  parentheses  refer  to  the  list  of 
references  in  appendix  III,  p.  277. 


Chemical  Analysis  Approach 

Some  scheme  of  chemical  analysis  would  appear 
to  be  the  most  direct  approach  to  this  end,  but 
the  complex  chemical  nature  of  the  admixtures 
on  the  market  has  generally  discouraged  the 
development  of  laboratory  methods  for  the  anal- 
yses of  most  of  these  materials.  It  has  been 
generally  considered  that  such  tests  would  be 
too  involved  and  time  consuming  for  practical 
applications.  However,  a  study  of  the  literature 
and  the  results  of  chemical  analyses  of  a  wide 
variety  of  commercial  admixtures  have  shown 
that,  despite  the  complexity  of  these  materials, 
they  are  derived  from  a  limited  number  of  sources 
and  can  be  chemically  differentiated  into  a  few 
basic  types.  It  was  also  found  that  relatively 
simple  tests  are  available  to  the  analyst  for 
qualitatively  identifying  the  type  and  for  quanti- 
tatively determining  one  or  more  of  the  chief 
constituents  of  each  type.  Thus,  while  chemical 
tests  alone  cannot  be  used  as  an  indication  of 
the  ultimate  behavior  of  an  admixture  in  concrete, 
they  can  be  used  to  give  the  consumer  some 
assurance  of  the  uniformity  of  different  lots  once 
a  material  has  been  proved  satisfactory. 

This  article  presents  a  scheme  of  identification 
and  methods  of  analysis  which  are  applicable  to 
various  types  of  admixtures.    Also  included  is  a 


discussion  of  the  sources  of  these  various  types. 
The  data  presented  are  based  on  the  results  of 
chemical  analyses  made  on  28  samples  of  com- 
mercially marketed  materials  from  19  different 
manufacturers.  At  the  time  they  were  obtained, 
these  materials  were  considered  to  be  representa- 
tive of  all  the  various  types  on  the  market.  New 
materials  which  have  appeared  since  these  were 
first  obtained  may  not  necessarily  be  of  the  same 
types  but  it  is  believed  that,  even  where  new 
types  have  been  introduced,  somewhat  the  same 
general  procedures  will  be  applicable  with  slight 
modifications  and  additions  of  definite  identifica- 
tion tests. 

Sources  of  Admixtures 

The  primary  action  of  any  concrete  admixture 
used  chiefly  for  air  entrainment  is  that  of  a  foam- 
ing agent.  Thus,  they  are  surface-active  agents 
and  as  such  are  closely  allied  to  the  products  of 
the  detergent  and  emulsifier  industries.  Many  of 
the  materials  marketed  as  concrete  admixtures 
are  obtained  as  byproducts  of  various  industries 
or  have  been  developed  from  materials  which 
were  originally  classified  as  waste.  The  materials 
tested  were  found  to  originate  from  five  major 
sources:  petroleum  refining  processes,  paper  pulp 
manufacture,    wood    stump    processing     (in    the 
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Table  1. — Qualitative  identification  of  main  constituents  in  air-entraining  admixtures 


Add  water  to  original  material;    shake;    note  solubility. 
If  completely  soluble,  see  part  A.    If  emulsion  forms,  see  part  B.    If  an  insoluble  phase  or  deposit  forms,  see  part  C. 


A.    Completely  soluble: 
Acidify  water  solution  with  hydrochloric  acid.    Note  presence  of  separation. 


Fatty  layer  separates: 

Test  water  solution  of  original  material  for  ammoniacal 
nitrogen  (test  2)  and  albuminoid  nitrogen  (test  1). 

Test  ash  of  original  material  for  cations  (sodium,  potassium, 
and  calcium)  and  anions  (sulfate,  chloride,  and  carbonate). 

Extract  the  fatty  layer  with  chloroform  and  dry. 
Saponify  a  portion  with  alcoholic  potassium  hydroxide, 
evaporate,  dry,  and  ignite.    Test  this  ash  for  sulfate. 


Sulfate 
present: 

Indicates 
a  salt 
of  a 
sulfonated 
hydro- 
carbon. 


Sulfate  absent:    Indicates  a  soap. 

Make  Liebermann-Storch  test  (test  6)  on 
portion  of  chloroform  extract. 


Positive  result: 

Indicates  rosin  or 
pine  wood  resin  soap. 


Negative  result: 

Indicates  naphthenic 
or  fatty  acid  soap. 


Determine  solubility  of  the  chloroform  extract 
in  ligroine  (petroleum  ether)  or  gasoline.1 


Substan- 
tially 
soluble: 

Indicates 
rosin 
soap. 


Substan- 
tially 
insoluble: 

Indicates 
resin 
soap. 


Easily 
soluble: 

Indicates 
fatty 
acid 
soap. 


Difficult  to 
dissolve  or 
insoluble: 

Indicates 
naphthenic 
acid  soap. 


No  definite  separation:    Make  Biuret  test  (test  5)  on  original  material. 


Positive  result: 

Indicates  proteinaceous 
acids  or  salts. 

Ignite  original 
material. 


Ash 
prominent: 

Indicates 
protein- 
aceous 
salts  of 
metals. 

Test  for 
anions  and 

cations 
(especially 

calcium). 


Ash 
negligible: 

Indicates 
protein- 
aceous 
acids. 


Negative  result:    Test  ash  of  original  material  for  sulfate. 


Sulfate  present: 

Indicates  sulfonated  lignin  salts,  sulfonated 
alkyl  aryl  salts,  or  inorganic  sulfate. 

Test  original  material  with  permanganate  (test  7). 


Color  not  discharged  Immediately: 

Indicates  alkyl  aryl  sulfonate 
salt  and/or  Inorganic  sulfates. 

Determine  solubility  in  95-percent 
alcohol. 


Completely 
soluble: 

Indicates 

alkyl  aryl 

sulfonate 

without 

builder. 


Completely 
insoluble: 

Indicates 
inorganic 
sulfates. 

Test  for 

anions  and 

cations. 


Partially 
soluble: 

Indicates 

alkyl  aryl 

sulfonates 

with 

builder. 

Test  insol- 
uble for 

anions  and 
cations. 


Color 

discharged 

immediately: 

Indicates 
sulfonated 

lignin 

salts. 

Test  aqueous 
solution  of 

original 

material  for 

anions  and 

cations. 


Sulfate 
absent: 

Such 
material 

not 

included 

in  this 

study. 


B.    Emulsion  forms: 

To  the  original  material  add  sufficient  alcohol  and 

water  to  obtain  a  50-percent  alcohol-water  solution. 

Extract  with  ligroine  or  ethyl  ether. 


With  the 

alcohol-water 

phase,  remove 

the  solvent  by 

evaporation. 

A  substantial 

amount  of 
extract  indi- 
cates soaps 
or  sulfonated 
hydrocarbon 
salts. 

Examine  by 

procedures 

for  completely 

soluble 
material  in 

part  A. 


With  the  ligroine  or  ether  phase, 

evaporate  the  solvent.    Add  an  aqueous 

solution  of  sodium  hydroxide;  shake. 

(Heat  to  saponify  if  necessary.) 


Completely 
miscible: 

Indicates 
presence 
of  unsap- 
onlfied 
organic 
acids  in 
original 
material. 


Partially 
miscible: 

Indicates 
presence 

of  both 
free  acid 
and  unsap- 
onifiable 
matter  in 
original 
material. 


Completely 
immiscible: 

Indicates 

unsapon- 

ifiable 

matter 

without 

free  acids 

in  original 

material. 


C.    Insoluble  phase  or  deposit: 
Add  water  and  chloroform  to  the  original  material,  shake,  and  note  solubility. 


Insoluble  matter  still  evident: 


Make  Biuret  test  (test  5)  on  original  material. 


Positive  result:    Indicates  glue. 

Run  molybdate  test  (test  4)  or  tannic  acid 
test  (test  3)  on  original  material. 


Positive  test: 


Substantiates  presence  of  glue. 

Determine  solubility  of  dried  original 
material  In  95 -percent  alcohol  (cold). 


Partially  soluble: 

Indicates  other  organic 
material  also  present. 

Test  ash  of  alcohol -sol- 
uble matter  for  sulfate.2 


Not  soluble: 

Indicates  no 

other  type 

of  material 

present. 


Negative 
test: 

Such 
material 

not 

included 

in  this 

study. 


Negative 
result: 

Such 
material 

not 

included 

in  this 

study. 


Completely  soluble: 

Indicates  presence  of  soap- 
forming  acids  and/or 
unsapondiable  matter. 

Saponify  original  material  by 

refluxing  with  alcoholic 

potassium  or  sodium  hydroxide. 

Add  water  and  extract  with 

ligroine  or  ethyl  ether. 

Separate  phases  and  dry. 


Material  in  water- 
alcohol  solution 
indicates  original 

presence  of  soap- 
forming  acids. 

For  further 
identification,  lest 
according  to  pro- 
cedure in  part  A. 


Material  in 
ligroine 
solution 
indicates 
unsaponifiable 
matter. 

Further  tests 

should  be 
quantitative. 


1  When   mixtures  of  soaps  are  present,   solubility  characteristics  of  the  chloroform  extract  in  ligroine  will  not  be  conclusive.    In  such  cases,  quantita- 
tive determinations  must  be  used  to  identify  the  various  classes  definitely. 

2  Some  products  contain  alkyl  aryl  sulfonates   in  addition   to  glue. 


naval  stores  industry),  animal  hide  processing, 
and  the  processing  of  fats  and  oils.  The  manner 
in  which  these  materials  are  obtained  from  each 
of  these  industries  is  discussed  in  appendix  I 
(p.  274),  since  it  is  believed  that  a  general 
knowledge  of  the  derivation  of  these  products 
not  only  will  be  of  interest  to  the  engineer  but 
also  will  aid  the  chemist  in  evaluating  the  re- 
sults of  his  tests. 

Included  in  the  five  major  sources  mentioned 
are  the  three  materials  which  have  been  used 
most  extensively  for  air  entrainment  up  to  the 
present  time— neutralized  resin  extracted  from 
pine  stumps,  triethanolamine  salt  of  a  sulfonated 
hydrocarbon,   and   material   composed  essentially 


of  calcium  lignosulfonate  (2).  Other  materials 
which  have  been  specifically  reported  in  the 
literature  as  having  been  successfully  used  include 
sulfonated  oils,  fatty  acids  and  soaps,  and  sodium 
lauryl  sulfonate  (3),  waste  paper  pulp  sulfite 
liquors  and  sodium  abietate  (4),  sulfated  fatty 
alcohols,  sodium  alkyl  aryl  sulfonates  with  and 
without  sodium  carboxymethylcellulose  and  ani- 
mal glue  (5),  aluminum  powder  (6),  rosin  and 
rosin  soaps,  vegetable  and  animal  fat,  and  naph- 
thenic acids  (7),  complex  nitrosyl  sulfonates  (8), 
and  polyethylene  glycol  ethers  and  esters  (9). 
Most  of  these  materials  are  products  of  the  five 
major  sources  mentioned  and,  therefore,  can  be 
identified  and  analyzed  by  the  methods  presented. 


Chemical  Analysis 

The  procedures  to  be  used  for  examining  the 
different  admixtures  in  the  laboratory  depend 
upon  the  basic  chemical  type  of  organic  material 
present  rather  than  the  industrial  source  of  the 
material.  The  methods  of  analysis  are  based  on 
this  consideration  and  the  materials  are  grouped 
according  to  the  type  of  constituent  present. 
Seven  types  were  represented  by  the  admixtures 
examined:  soaps,  synthetic  detergents,  sulfonated 
lignins,  sulfonated  hydrocarbons,  proteinaceous 
materials,  emulsifiable  mixtures,  and  soap-form- 
ing acids. 

Some  manufacturers  supply  sufficient  informa- 
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tion  so  that  the  type  or  types  of  compounds 
present  in  their  product  can  he  surmised  without 
qualitative  tests,  but  often  a  material  is  received 
in  the  laboratory  for  which  such  information  is 
not  known.  In  such  cases,  qualitative  tests  must 
he  conducted.  There  are  several  qualitative  and 
quantitative  methods  of  examination  that  cover 
a  wide  variety  of  wetting,  dispersing,  and  emulsi- 
fying agents  which  may  he  used  to  advantage 
(10,  11,  12).  In  all  cases,  however,  they  do  not 
adequately  cover  the  present  field  of  commercial 
admixtures. 

Table  1  presents  a  scheme  of  identification 
which  is  believed  to  be  adequate  for  all  the  types 
of  materials  examined  in  this  investigation.  This 
scheme  was  evolved  from  the  actual  results  of 
the  qualitative  tests  made,  and  is  based  on  the 
consideration  of  the  presence  of  only  one  major 
type  of  material  except  where  combinations  are 
normally  expected.  The  presence  of  one  type  of 
material  does  not  necessarily  imply  the  absence 
of  any  other.  Thus,  for  complete  information 
where  positive  indications  are  obtained,  tests 
under  the  negative  indications  must  also  be  run. 
For  mixtures  of  two  or  more  types,  some  of 
the  tests  listed  will  be  inconclusive.  Despite  these 
shortcomings,  however,  this  systematic  approach 
to  the  classification  of  unknown  materials  will 
save  much  time  and  give  the  required  information 
for  most  of  the  commercial  admixtures  on  the 
market  at  the  present  time. 


Details  of  the  various  tests  indicated  by  num- 
ber in  table  1  and  also  in  the  subsequent  dis- 
cussions are  given  in  appendix  II  (p.  276) . 

Analysis  of  Soaps 

The  analytical  procedures  presented  for  the 
soap  group  are  applicable  to  fatty,  rosin,  resin, 
and  naphthenic  acid  soaps  of  alkalies,  ammonia, 
or  amines.  Unsaponified  matter  may  or  may  not 
be  present.  Of  these  materials,  the  rosin  and 
fatty  acid  soaps  are  usually  referred  to  as  "true 
soaps,"  whereas  the  others  are  often  designated 
as  salts  of  the  particular  type  of  carboxylic  acid 
concerned. 

Eleven  of  the  admixtures  examined  are  in  this 
group  and  the  results  of  the  tests  on  these  ma- 
terials are  shown  in  table  2.  Samples  1-6 
are  aqueous  solutions  of  sodium  soaps  of  resins 
extracted  from  wood.  Sample  7  contains  the  same 
type  material  as  samples  1-6  but  was  marketed 
as  the  dried  product.  Sample  8  is  an  aqueous 
solution  of  sodium  soaps  of  fatty  acids,  resin 
(lignin)  acids,  and  perhaps  some  rosin  acids. 
Sample  9  is  an  aqueous  solution  of  triethanola- 
mine  and  sodium  soaps  of  rosin,  resin  (lignin) , 
and  perhaps  some  fatty  acids.  Sample  10  is  an 
aqueous  solution  of  ammonium  and  sodium  soaps 
of  rosin  and  resin  (lignin)  acids  containing  ap- 
preciable unsaponified  matter;  it  probably  also 
contains    some    fatty    acid    soaps.     Sample    11    is 


an  aqueous  solution  of  sodium  soaps  of  carboxylic 
acids  (most  likely  naphthenic).  Samples  1—7 
were  derived  from  processing  pine  wood  stumps, 
samples  8—10  are  probably  byproducts  of  the 
paper  pulp  industry,  and  sample  11  is  evidently 
derived  from  petroleum  refining  processes. 

As  indicated  in  table  1,  all  of  these  materials 
and  materials  of  the  same  general  type  are 
characterized  by  fair  solubility  in  water  and  in- 
compatibility in  dilute  hydrochloric  acid,  the 
organic  acids  separating  out  of  solution  under 
such  conditions. 

Quantitative  determinations 

The  quantitative  determinations  which  are  con- 
sidered necessary  for  the  basic  evaluation  of  ma- 
terials in  this  group  are  those  of  moisture  content 
(tests  24  or  25),  ash  (test  12),  and  total  fatty 
matter  (test  18).  The  determination  of  moisture 
by  the  oven-drying  method  gives  a  fairly  reliable 
measure  of  the  concentration  of  inorganic  and 
organic  constituents  in  aqueous  solutions.  When 
analyzing  petroleum  products  such  as  naphthenic 
soaps,  however,  there  is  some  danger  of  volatilizing 
some  petroleum  constituents.  In  these  cases  a  direct 
water-content  determination  by  the  distillation 
method  is  recommended.  This  procedure  involves 
an  azeotropic  distillation  using  some  fairly  low- 
boiling  solvent  such  as  toluene  or  xylene.  The 
ash  determination  represents  a  measure  of  in- 
organic   metals    or    metal    salts    present    and    the 


Table  2. — -Analyses  of  soap  materials 


Identification  Number 


10 


Characteristics 


Probable  source 


Form 
Color- 


Odor 


Pine  wood  stumps 


Liquid 


Solid 


•^ — Paper  pulp  byproducts — ■>■ 


Liquid 


Petroleum 
refining 

*- 


■  Very  dark  brown  - 


Brown 


Pine  oil 


Wood 
pulp 


Dark 
brown 
Rosin 


Brown 
Ammonia 


Dark 

brown 

Petroleum 


Qualitative  Tests 


Solubility  : 

In  water : 

In  aqueous  sodium  hydroxide 

In  dilute  hydrochloric  acid 

Ash: 

Presence 

Anions  present    

Cations  present 

Extracted  acids  : 

Liebermann-Storch    test    for    rosin- 
Solubility  in  ligroine 

Ammoniacal  nitrogen   

Albuminoid  nitrogen 


Soluble 


■  Turbid  ■ 
■Soluble- 


■Fatty  layer  separates 


->       Soluble 


Present 


-Carbonate1- 
—  Sodium  -  — 


Positive 


Essentially  insolub'e- 


'Not  determined- 
■  Not  determined- 


-Not  determined  > 

-^-       Negative        Positive 
Positive       Negative 


Negative 
Insoluble 

Trace 
Negative 


Quantitative  Determinations 


Solids    percent-- 

Ash   _  do„_ 

Sodium    hydroxide    do 

Triethanolamine    do 

Total  nitrogen       do 

Ammoniacal   nitrogen   do 

Fatty  matter : 

Total    do__ 

Rosin  '»     :. do__ 

Methoxyl  «  .. do__ 

Unsaponified  matter  c> do 


15.3 


1.9 


10.1 


11.3 


1.3 


10.0 

ITT 


27.6 
"373" 


22.6 


4.2 


16.2 

~2?r 


12.5 


4.6 


14.9 
~Y.0~ 


5.3 


15.6 

"*  r.i~ 


14.2 
~~4A~ 


96.9 
"~~87<T 


3.2 


12.9 
2.0 


10.9 


12.4 


2.1 

.4 


5  5.3 

1  86.8 

4.0 


17.9 
1.1 


16.8 

31.2 

.3 

36.3 


3  15.2 
2.2 


14.1 


1  Sample  8  also  contains  sulfate. 

2  Sample  6  also  contains  potassium. 

:'  Probably  low  because  of  volatility  of  petroleum  constituents. 
4  Sample  6  also  contains  potassium  hydroxide. 


5  Probably  low  because  of  emulsions  formed  during  extraction. 

6  Results  expressed  as  percentages  of  total  fatty  matter. 

"  Determination   made   on    original   material :    the   calculated    percentage 
is  therefore  probably  high  since  the  total  fatty  matter  was  low. 
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ash  should  be  qualitatively  analyzed  for  the  alkali 
and  alkaline  earth  metals — sodium,  potassium,  and 
calcium.  The  anionic  groups — sulfate,  chloride, 
and  carbonate — should  also  be  determined.  The 
term  total  fatty  matter,  as  applied  here,  represents 
all  the  organic  matter  extracted  by  chloroform 
from  an  acidified  aqueous  solution  of  the  admix- 
ture. It  includes  all  the  unsaponified  and  un- 
saponifiable  constituents  originally  present  in  the 
material  as  well  as  the  organic  acids  resulting 
from  the  breakdown  of  the  soaps. 

Other  Tests 

In  order  to  obtain  further  information  as  to 
the  type  of  soap  present,  additional  determina- 
tions must  be  made,  the  necessary  tests  being 
dictated  by  the  nature  of  the  soap  or  soaps.  At 
times,  the  odor  of  the  material  may  be  used  as 
a  clue  to  the  presence  of  certain  constituents. 
A  strong  odor  of  petroleum  indicates  a  naphthenic 
acid  soap  while  a  pulp-like  smell  suggests  a  soap 
derived  from  paper  pulp  wastes.  Where  a  fair 
amount  of  rosin  soap  is  present,  the  characteristic 
odor   of   rosin    usually   will    be    evident. 

As  shown  in  table  1  (part  A)  when  rosin  is 
indicated  to  be  present  by  the  Liebermann-Storch 
test  (test  6).  further  confirmation  is  needed  in- 
asmuch as  soaps  of  lignin  resins  derived  from 
pine  wood  also  give  a  positive  indication  of  rosin 
because  of  incomplete  separation  during  the  ex- 
traction processes.  In  these  cases  the  solubility 
of  the  extracted  total  fatty  matter  in  ligroine 
(petroleum  ether)  should  be  evaluated.  Where 
substantial  solubility  exists,  rosin  soaps  in  ap- 
preciable amounts  are  indicated  and  they  should 
be  determined  by  the  standard  A.S.T.M.  (Mc- 
Nicoll)  method  (test  29).  If  the  material  is  es- 
sentially insoluble  in  ligroine  and  a  positive 
Liebermann— Storch  test  has  been  obtained,  a  lig- 
nin-derived  resin  soap  (pine  wood  extracts)  is 
indicated.  The  lignin  or  total  resin,  as  such,  is 
difficult  or  impossible  to  determine  directly.  How- 
ever, lignin  is  characterized  by  certain  methoxyl 
groupings  (— OCH3)  in  its  structure  and  although 
the  amount  of  methoxyl  is  dependent  upon  the 
type  of  wood,  the  source,  and  method  of  process- 
ing, it  is  generally  considered  to  be  nearly  con- 
stant for  resins  from  the  same  source  and  process. 
Thus,  a  determination  of  this  constituent  (test  23) 
is  a  means  of  comparing  materials  from  the  same 
source.  Where  the  average  methoxyl  content  of 
the  resins  is  known,  the  approximate  percentage 
of  the  latter  constituent   may   be  calculated. 

When  the  extracted  total  fatty  matter  gives  a 
negative  test  for  rosin  and  is  essentially  insoluble 
(or  very  slowly  soluble)  in  ligroine,  naphthenic 
acids  are  indicated.  The  quantitative  procedure 
presented  for  these  materials  is  based  on  the 
formation  of  their  copper  salts  and  their  solubility 
in  benzene  (test  26).  A  negative  test  for  rosin 
coupled  with  a  high  degree  of  solubility  in  lig- 
roine is  indicative  of  fatty  acids  or  unsaponifiable 
matter.  If  unsaponified  or  unsaponifiable  matter 
is  believed  to  be  present  in  the  original  material, 
they  should  be  determined  by  extraction  from  a 
50-percent  alcohol-water  solution  with  ligroine  or 
ethyl  ether  (test  36).  This  is  a  measure  of  any 
free  organic  acids  and  unsaponifiable  oils,  fats, 
etc.,  which  may  be  present.  Fatty  acid  soaps 
are  indicated  by  difference  after  determining  the 
other  constituents.   They  may  be  characterized  by 


Table  3. — Analyses  of  alkyl  aryl  sulfonate  detergents 


Characteristics 


Probable  source 

Form 

CoIor___ 

Odor 


Synthesized  from  petroleum  distillates   ^ 

Solid    *-      I      .* Liquid •>. 

Cream -*■     \     ^-  pale  yellow  ->- 

^—^— ^—  Petroleum  > 


Qualitative  Tests 


Solubility  in  water 

Aqueous  solution  : 

Compatibility  with  dilute  hydro- 
chloric acid 

Permanganate  test 

Alcohol-soluble  material  : 

Anions  in  ash 

Cations  in  ash 

Alcohol-insoluble  material : 

Presence 

Anions  present 

Cations  present 


Soluble 


Compatible 


Does  not  decolorize  rapidly 


Sulfate 
Sodium 


Present 
Sulfate 
Sodium 


Trace 


Present 
Sulfate 
Sodium 


Quantitative  Determinations 


Water    percent- 

Alcohol- insoluble    do__ 

Fatty  matter do._ 

Alkyl  aryl  sodium  sulfonate  1 do 

Alkyl  aryl  sodium  sulfonate,  factor  - 


2.3 
53.1 

3.1 
41.5 
11.9 


3.9 
10.1 

1.4 
84.6 
23.7 


2.5 
59.9 

2.1 
35.5 
10.0 


6.3 

13.6 

1.6 

78.5 
20.9 


i;::  r, 
.1 
.6 

35.8 
9.0 


63.4 

4.0 

.4 

32.2 
8.4 


1   By  difference. 

-  Milliliters    of    0.1N    sodium    hydroxide   required    to    neutralize    reaction    products    of    1    gram    of    original 
material. 


the  iodine  number  (test  22)  of  the  extracted  fatty 
matter. 

For  materials  containing  mixtures  of  these 
soaps,  the  qualitative  differentiation  based  on  the 
Liebermann— Storch  test  and  relative  solubility  in 
ligroine  will  be  inconclusive  and  all  the  quanti- 
tative tests  must  be  run  for  complete  information. 

Ammonium  and  amine  soaps  are  often  found 
in  commercial  admixtures  and,  since  the  ash  will 
give  no  indication  of  these  materials,  tests  must 
be  made  on  the  original  admixtures  to  determine 
their  presence.  Ammonia,  both  in  the  free  state 
and  as  ammonium  salts,  is  detected  by  odor  or  a 
litmus  paper  test  (test  2)  and  when  present  should 
be  quantitatively  determined  (test  11).  Amine 
soaps  are  indicated  by  a  positive  test  for  albumi- 
noid nitrogen  (test  1).  Most  soaps  of  this  type 
are  prepared  with  triethanolamine  and  this  con- 
stituent can  be  quantitatively  determined  as  the 
alcohol-insoluble  portion  of  the  dried  aqueous 
extract  after  acidification  (test  34).  The  weighed 
residue  should  be  the  hydrochloride  salt  of  tri- 
ethanolamine and  it  can  be  confirmed  by  deter- 
mining its  melting  point    (test  8). 

Synthetic  Detergents 

The  materials  included  in  the  synthetic  deter- 
gent group  are  mainly  limited  to  the  petroleum 
derived  alkyl  aryl  sodium  sulfonates  where  there 
is  only  one  alkyl  and  one  aryl  group  present. 
The  aryl  group  is  either  a  benzene  or  naphthalene 
ring  and  the  alkyl  group  is  usually  obtained  from 
a  petroleum  distillate  such  as  kerosine.  Large 
amounts  of  sodium  sulfate  and  smaller  amounts 
of  sodium  chloride  and  mineral  oils  are  also 
usually  present  as  a  consequence  of  the  processing 
techniques. 


The  materials  of  this  type  marketed  as  admix- 
tures are  similar  to  the  household  detergents  used 
for  laundering  and  dishwashing.  They  are  sold 
both  as  solid  products  and  in  aqueous  solutions. 
Six  of  the  materials  examined  were  of  this  type 
.and  the  results  of  the  tests  made  are  given  in 
table  3.  Samples  12-15  were  solids  containing 
considerable  sodium  sulfate,  sample  16  was  an 
aqueous  solution  of  an  alkyl  aryl  sulfonate  without 
inorganic  salts,  and  sample  17  was  an  aqueous 
solution  containing  some  sodium  sulfate. 

As  indicated  in  table  1,  these  materials  are 
characterized  by  solubility  in  both  water  and 
dilute  acid  solution.  They  usually  have  a  char- 
acteristic petroleum  odor.  Organically  bound  sul- 
fur and  sodium  in  the  alcohol-soluble  extract 
(which  can  be  detected  by  examining  the  ash  of 
this  extract)  are  also  indications  of  the  presence 
of  these  synthetics. 

The  determinations  considered  to  be  necessary 
for  the  basic  evaluation  of  these  materials  include 
those  of  water  content  (test  24),  fatty  matter 
(test  19),  inorganic  chlorides  and  sulfates,  and 
a  determination  of  the  alkyl  aryl  sodium  sulfonate 
(tests  32  or  33).  The  direct  determination  of 
water  content  by  the  distillation  method  should 
always  be  used  for  these  materials  since  the 
organic  matter  tends  to  be  partially  decomposed 
and  volatilized  at  the  temperature  used  in  the 
oven-drying  test.  The  fatty  matter  is  a  measure 
of  free  oils  and  other  hydrocarbons  which  are 
present  mainly  as  impurities  resulting  from  the 
manufacturing  process.  When  inorganic  chlorides 
or  sulfates  are  shown  to  be  present  by  qualitative 
tests  on  aqueous  solutions  of  the  original  material, 
they  must  be  taken  into  account  in  calculating 
the  alkyl  aryl  sulfonate  by  difference.  The  sulfate 


PUBLIC   ROADS   •   Vol.  27,   No.    '2 


271 


Table  4. — Analyses  of  sulfonated  lignin  salts 


Identification  number 


L8 


i'.i 


21 


Characteristics 


Probable  source 

Form 

Color 

Odor 


■Paper  pulp  byproducts  (acid  process)' 
— ^^—^^—  Powdered  solid  ^— ^^^^— 
Tan    


Slightly  pungent  ■ 


Qualitative  Tests 


Solubility  : 

In  water 

In  alcohol,  xylene,  and  chloroform 

Permanganate  test 

Aqueous  solution  : 

Compatibility  with  hydrochloric  acid 

Test  for  calcium 

Test  for  sodium 

Test  for  potassium 

Test  for  chldride 

Test  for  sulfate 

Ash: 

Presence 

Test  for  sulfate 

Test  for  calcium 


-  Soluble  - 
Insoluble 


Decolorizes  immediately 


■  Compatible  • 


Positive  (predominant) 
—— ^—  Positive  — — — — — 
"~""~ —  Positive  — ^—^— 


Trace 

< 


Positive  ■ 


Negative 

■  Present  - 

■  Positive  - 

■  Positive  - 


Quantitative  Determinations 


Water 

Calcium    chloride    

Calcium    lignosulfonate  1  - 
Methoxyl  - 


percent _ 

do_ 

do_ 

do_ 


14.1 

.5 

85.4 

9.4 


21.2 

35.5 

43.3 

8.8 


19.0 

27.5 

53.5 

9.5 


23.6 

35.0 

41.4 

9.4 


22.3 

57.3 

20.4 

7.8 


1  By  difference. 


Based  on  calcium  lignosulfonate  content. 


(usually  the  sodium  salt)  is  insoluble  in  alcohol 
and  thus  an  alcohol  extraction  (test  9)  serves 
adequately  to  determine  this  constituent.  How- 
ever, sodium  chloride  is  soluble  in  alcohol  and 
it  must  be  calculated  by  determining  the  chlorides 
present  in  the  alcohol-soluble  extract  (test  17). 
The  accuracy  of  the  result  obtained  for  syn- 
thetic detergent  computed  by  difference  (test  32) 
suffers  from  all  the  deficiencies  inherent  in  any 
such  calculation.  An  alternate  and  more  direct 
measure  of  the  synthetic  detergent  is  obtained  by 
a  fairly  rapid  volumetric  procedure  (test  33).  In 
this  method,  the  alkyl  aryl  sulfonate  is  made  to 
react  with  paratoluidine  hydrochloride,  the  prod- 
uct extracted  with  carbon  tetrachloride  and  sub- 
sequently titrated  with  standard  sodium  hydroxide. 
The  results  are  usually  expressed  as  a  factor,  i.e., 
the  milliliters  of  0.1-normal  sodium  hydroxide 
required  to  neutralize  the  reaction  product  from 
1  gram  of  sample.  Expressed  in  this  form,  the 
results  offer  a  reliable  and  precise  means  for 
determining  the  uniformity  of  different  lots  of 
the  same  material,  but  no  comparison  between 
different  materials  can  be  made  and  the  exact 
percentage  of  the  constituent  cannot  be  calculated. 
However,  if  a  standard  sample  of  the  material 
being  examined  is  available,  the  solution  can  be 
standardized  in  terms  of  the  standard  and  the 
results  expressed  as  percentages. 

Sulfonated  Lignin  Materials 

The  materials  in  the  sulfonated  lignin  group 
are  mainly  the  calcium  salts  of  sulfonated  lignin 
derived  from  the  acid  (sulfite)  process  of  paper 
pulp  manufacture.  These  materials  are  commonly 
referred    to    as    calcium    lignosulfonates.     Some 


commercially  marketed  materials  also  contain  cal- 
cium chloride  and  small  amounts  of  alkyl  aryl 
sulfonates. 

These  materials  are  usually  available  as  tan 
powdered  solids  and  have  a  pungent  odor  remi- 
niscent of  wood  pulp.  Five  of  the  admixtures 
examined  were  of  this  type  and  the  results  of 
the  tests  made  on  these  materials  are  shown  in 
table  4.  Sample  18  was  chiefly  calcium  ligno- 
sulfonate and  water,  while  samples  19—22  con- 
tained considerable  calcium  chloride  in  addition 
to  the  lignosulfonate. 

As  indicated  in  table  1,  these  admixtures  are 
characterized  by  a  high  solubility  in  water,  and 
compatibility  with  dilute  mineral  acids.  They  are 
mostly  insoluble  in  organic  solvents.  Since  the 
sulfur  is  organically  bound,  the  material  gives  a 
negative  test  for  sulfate  in  aqueous  solution,  and 
a  positive  test  in  the  ash  after  igniting  at  600°  C. 
This  type  of  lignin-derived  material  is  easily 
oxidized  and,  therefore,  immediately  decolorizes 
an  acidified  permanganate  solution  (test  7).  As 
shown  in  table  1,  this  test  is  a  basis  for  dis- 
tinguishing between  these  materials  and  the  alkyl 
aryl  sulfonates  which  do  not  rapidly  decolorize 
the  permanganate  solution. 

The  determinations  considered  necessary  for  the 
basic  evaluation  of  these  materials  are  those  of 
moisture  content  (test  24),  calcium  chloride  if 
present  (test  14),  and  calcium  lignosulfonate  by 
difference  (test  16).  Even  though  the  materials 
are  usually  solid  powders,  the  water  content  is 
normally  appreciable.  Oven  drying  is  not  advis- 
able because  of  the  possible  decomposition  on 
heating,  and  therefore  the  distillation  method  is 
recommended.    In  this  connection,  triethylbenzene 


has  been  suggested  by  some  as  the  solvent  to  be 
used  for  these  materials.  However,  this  solvent 
was  found  to  be  undesirable  in  that  its  higher 
boiling  temperature  caused  some  decomposition 
resulting  in  much  "frying"  and  "bumping"  during 
the  distillation.  Toluene  or  xylene  were  found  to 
be  much  more  satisfactory.  The  water-soluble 
chloride  ion  is  determined  by  titration  with 
standard  silver  nitrate  solution,  and  calculated  as 
calcium  chloride.  Calcium  lignosulfonate  is  then 
generally  considered   to   be   the   difference. 

This  procedure,  while  adequate  for  materials 
from  known  sources,  does  not  give  complete  in- 
formation on  new  or  unknown  materials  since 
inert  ingredients,  if  present,  would  be  included 
as  calcium  lignosulfonate.  Thus,  it  is  suggested 
that  the  methoxyl  determination  (test  23)  could 
be  applied  to  these  materials  in  much  the  same 
manner  as  for  the  lignin-derived  resins.  While 
extensive  data  are  not  available,  all  the  materials 
of  this  type  examined  had  approximately  the  same 
methoxyl  contents,  based  on  the  calcium  ligno- 
sulfonates. When  available,  a  spectrophotometer 
can  be  used  to  determine  lignosulfonate  (test  15). 
This  procedure  involves  the  use  of  nitric  acid  to 
oxidize  the  lignin-derived  material,  and  the  de- 
veloped color  is  measured  photometrically.  How- 
ever, this  test  was  not  made  in  the  Bureau 
laboratory. 

A  number  of  the  commercial  admixtures  of 
this  type  contain  small  amounts  of  alkyl  aryl 
sulfonates.  These  small  amounts  are  not  detec- 
table by  the  usual  qualitative  tests  and  the 
volumetric  determination  described  for  the  syn- 
thetic detergents  is  not  suitable.  In  cases  where 
they  are  known  or  believed  to  be  present,  they 
can  be  determined  spectrophotometrically  by  the 
methylene-blue   method    (test   31). 

Salts  of  Sulfonated  Hydrocarbons 

The  tests  for  salts  of  sulfonated  hydrocarbons 
are  applicable  to  alkali,  ammonium,  or  amine 
salts  of  sulfonated  hydrocarbons  derived  from 
petroleum.  The  materials  considered  here  are 
those  obtained  from  the  so-called  "petroleum  sul- 
fonates" which  result  from  acid  treatments  during 
the  petroleum  refining  processes.  They  have  sev- 
eral adjacent  benzene  nuclei  rather  than  a  single 
benzene  or  naphthalene  ring  common  to  the  syn- 
thetic detergents  which  have  been  considered  as 
a  separate  group. 

The  only  admixture  examined  which  was  clas- 
sified as  being  of  this  type  was  sample  23,  the 
results  being  shown  in  table  5.  This  was  an 
aqueous  solution  of  a  proprietary  material  com- 
monly referred  to  as  a  triethanolamine  salt  of 
sulfonated  hydrocarbons.  This  type  of  material 
has  been  extensively  used  both  as  a  concrete 
admixture   and   a  cement  additive. 

These  materials  are  somewhat  similar  to  the 
soaps  in  their  qualitative  characteristics  and  there- 
fore require  somewhat  the  same  determinations. 
They  are  soluble  in  water  and  show  some  in- 
compatibility in  acidified  aqueous  solutions.  Usu- 
ally, more  highly  acidified  solutions  are  required 
to  detect  incompatibility  than  is  required  in  the 
case  of  the  soaps.  As  indicated  in  table  1,  the 
presence  of  the  organically  bound  sulfur  in  the 
hydrocarbon  portion  of  the  molecule  is  the  best 
means  of  differentiation  from  the  soaps. 
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Table  S. — Analysis  of  a  sulfonated 
hydrocarbon  salt 


Sample  23 


Characteristics 


Probable  source 


Form 
Color 
Odor_. 


Petroleum 
refining 
Liquid 
Dark  brown 
Petroleum 


Qualitative  Tests 


Solubility  in  water — 

Compatibility    of    aqueous    solution 

with  hydrochloric  acid 

Ash: 

Presence 

Test  for  sulfate 


Test  for  sodium 

Test  for  potassium 
Ammoniacal  nitrogen 
Albuminoid  nitrogen  ._ 


Soluble 

Incompatible 

Present 

Posit've 

(predominant) 

Positive 

Positive 

Negative 

Positive 


Quantitative  Determinations 


Solids    percent 

Ash  do 

Total  fatty  matter... do  _ 

Triethanolamine    do  ._ 

Total  nitrogen   do._ 


12.5 

2.4 

6.8 

4.2 

.5 


The  determinations  considered  necessary  for  the 
basic  evaluation  of  these  materials  are  essentially 
the  same  as  for  the  soaps.  These  are  a  determi- 
nation of  moisture  content  (tests  24  or  25),  an 
ash  determination  (test  12),  and  a  determination 
of  the  total  fatty  matter  (test  18).  As  is  true 
for  all  the  petroleum-derived  materials,  the  dis- 
tillation method  for  water  content  is  generally 
preferred  because  of  the  volatility  of  some  of 
the  constituents,  but  for  fairly  dilute  solutions, 
such  as  sample  23,  where  unusually  small  amounts 
of  material  must  be  used  in  the  distillation 
method,  this  latter  method  is  at  a  disadvantage. 
The  ash  is  important  in  determining  the  amounts 
and  types  of  metallic  cations  present.  Since 
the  triethanolamine  salts  are  very  frequently  used, 
the  test  for  albuminoid  nitrogen  (test  1)  is  es- 
pecially important  for  these  materials  and  should 
always  be  conducted  even  when  a  fair  amount 
of  ash  is  present.  Where  a  quantitative  deter- 
mination of  triethanolamine  is  indicated  to  be 
necessary,  it  is  conducted  in  the  same  manner 
as  for  soap  materials. 

In  the  determination  of  the  total  fatty  matter 
the  procedure  varies  slightly  from  that  used  for 
the  true  soaps  in  that  a  high  concentration  of 
mineral  acid  must  be  maintained  not  only  in 
the  initial  solution  but  also  in  the  subsequent 
wash  water.  This  is  necessary  because  the  organic 
sulfonic  acids  are  appreciably  soluble  in  pure 
water  but  are  "salted  out"  from  the  acid  solution. 
For  sulfonated  hydrocarbons  from  the  same 
source,  the  amount  of  organically  bound  sulfur 
should  maintain  a  substantially  constant  relation- 
ship with  the  total  fatty  matter,  and  thus  the 
quantitative  determination  of  these  sulfonates,  as 
measured  by  the  sulfate  in  the  ash  (test  30), 
may  be  used  as  a  supplementary  test  for  gauging 
uniformity  of  supply. 

Proteinaceous  Materials 

Admixtures  considered  in  the  proteinaceous 
materials    group    include    salts    of    proteinaceous 


acids,  and  glue  or  other  proteins,  any  of  which 
may  be  admixed  with  non-proteinaceous  sub- 
stances. 

Three  of  the  admixtures  examined  were  classi- 
fied as  being  of  this  type.  The  results  of  these 
analyses  are  given  in  table  6.  Samples  24  and 
25  were  essentially  aqueous  solutions  of  the  cal- 
cium salts  of  complex  proteinaceous  acids  ob- 
tained from  protein  hydrolysis.  Sample  26,  while 
classified  as  a  proteinaceous  material  because  of 
its  glue  content,  differed  considerably  from  the 
other  two.  This  material  was  found  to  be  an 
aqueous  solution  of  a  glue-like  proteinaceous 
material  containing  a  large  amount  of  an  alkyl 
aryl  sodium  sulfonate  along  with  small  amounts 
of  sodium  sulfate  and  petroleum  oil.  All  of  these 
materials  give  a  positive  Biuret  test  (test  5), 
which    is    indicative    of    proteinaceous    material. 

The  determinations  considered  necessary  for 
the  basic  evaluation  of  these  materials  are  those 
of  moisture  content  (tests  24  or  25),  ash  (test 
12),  and  total  nitrogen  (test  27).  The  nitrogen  is 
conveniently  determined  by  a  modified  Kjeldahl 
procedure  and  its  presence  in  substantial  amounts 
is  characteristic  of  proteinaceous  materials  since 
proteins  contain  from  15  to  17.5  percent  nitrogen. 
Any  additional  tests  to  be  made  will  depend  upon 
the  particular  nature  of  the  material.  A  putre- 
factive odor,  solubility  in  water,  and  the  pre- 
dominance of  calcium  in  the  ash  is  indicative  of 
calcium  salts  of  complex  proteinaceous  acids.    If 


this  is  the  case,  the  quantitative  determination 
of  calcium  in  the  ash  is  of  value  in  determining 
the  uniformity  of  different  lots  from  the  same 
source  (test  13).  The  proteinaceous  acids  cannot 
be  determined  as  such  because  of  their  com- 
plexity and,  therefore,  the  total  nitrogen  content 
must  suffice  as  an  approximate  measure  of  pro- 
teinaceous materials.  If  desired,  the  value  for 
total  nitrogen  may  be  used  to  calculate  the 
approximate  protein  content  of  the  sample  by  the 
use  of  an  empirical  factor  (test  28). 

Those  admixtures  containing  glue  along  with 
other  materials  (as  exemplified  by  sample  26) 
must  be  analyzed  in  a  much  different  manner 
than  the  former  proteinaceous  materials.  The 
glue  portions  of  these  materials  are  relatively 
insoluble  in  cold  water,  alcohol,  and  chloroform. 
Their  solubility  increases  somewhat  in  hot  water 
or  hot  alcohol.  There  are  two  tests  by  which  glue 
can  be  qualitatively  indicated  (tests  3  or  4) . 
These  tests  are  based  on  the  precipitation  of  glue 
with  tannic  acid  or  molybdate  ion. 

A  quantitative  estimation  of  the  glue  can  be 
made  by  an  empirical  method  (test  21).  This 
procedure  assumes  an  average  nitrogen  content 
for  all  animal  glue.  Therefore,  the  total  nitrogen 
multiplied  by  the  average  factor  gives  the  approxi- 
mate amount  of  glue.  The  loss  in  weight  obtained 
by  igniting  the  dried  alcohol-insoluble  material 
can  also  be  considered  glue  when  it  is  known 
that   no   other  organic   alcohol-insoluble   material 


Table  6. — Analyses  of  proteinaceous  materials 


Identification  number 


24 


■_'.-. 


26 


Characteristics 


Probable   source 

Form    

Color 

Odor   


Hides 


Liquid 
Brown 


•^—  Putrefactive- 


Hides  and 

petroleum 

>- 

> 

Petroleum 


Qualitative  Tests 


Solubility: 
In   water 


In   dilute  hydrochloric  acid 


In  chloroform 

Biuret  test  for  proteinaceous  materials 
Tests   for  glue   

Ash: 

Presence    

Anions   present   

Cations  present 


Soluble 


Soluble 


Partially 
insoluble 
Not  deter- 
mined 
■Not  determined     >        Insoluble 
<  Positive  > 

<— Not  determined—^-  |      Positive 


<  Present  — 

<  Carbonate ^■ 

•*  Calcium  and  sodium  ► 


Sulfate 
Sodium 


Quantitative  Determinations 


Solids    percent- 

Ash  do_ 

Total  nitrogen  fl" 

Proteins  i  -        do. 

Alcohol-insoluble   material    ______ do_ 

Ash  from  alcohol-insoluble  material do_ 

Fatty   matter  __   do. 

Glue-Iike  material: 

Empirical  -     do_ 

By  difference         do_ 

Synthetic  detergent: 

By  difference do. 

Factor  3   


52.6 
7.4 

6.8 
42.8 


46.6 
9.6 
5.4 

34.0 


41.6 

"~2.3 

13.3  ~ 
1.5 
2.3 

13.0 
12.0 

26.3 
6.0 


i  Total  nitrogen  X  6.3.  -  Total  nitrogen  X  5.6. 

3  Milliliters  of   0.1N  sodium  hydroxide   required   to    neutralize   the   reaction   products   of   1   gram  of  original 
material. 
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Table  7. — Analysis  of  an  emulsifiablc 
mixture 


Sample  27 

Characteristics 

Probable  source 

Petroleum 
Liquid 

Reddish  brown 
Petroleum 

Color 
Odor 

Qualitative  Tests 

Compatibility  : 

With  water 

With  chloroform,  xylene 
With  dilute  hydrochloric  acid   __ 
Ash: 

Emulsifies 

Soluble 

Incompatible 

Present 
Carbonate 

&  sulfate 
Sodium 

Cations  present   - 

Quantitative  Determinations 

Water                                        percent 
Ash                  -                                   -do. 
Total  fatty  matter                            do 

Unsaponified    matter    do  _ 

Soaps,  by  difference  l                   do 

0.5 

2.1 

92.9 

85.5 

7.4 

i  Total  fatty  matter  less  unsaponified  matter. 

is  present  and  when  the  inorganic  salts  are  not 
volatilized  during  the  ignition   (test  20). 

When  alkyl  aryl  sulfonates  are  present  along 
with  glue,  as  was  the  case  for  sample  25,  the 
examinations  for  this  material  can  be  conducted 
much  the  same  as  if  alkyl  aryl  sulfonates  alone 
were  present.  The  alcohol-soluble  portion  will 
contain  the  alkyl  aryl  sulfonate  plus  any  sodium 
chloride  present,  while  the  insoluble  portion  will 
contain  the  glue  and  the  sodium  sulfate.  The 
volumetric  method  (test  33)  for  determining  alkyl 
aryl  sulfonates  may  be  used  for  mixtures  of  this 
type. 

Emulsifiable  Mixtures 

The  materials  included  in  the  emulsifiable  mix- 
ture group  are  those  which  contain  chiefly  un- 
saponifiable  matter  combined  with  sufficient  soaps 
to  form  an  emulsion  when  shaken  with  water. 
The  soaps  are  usually  sodium  soaps  of  naphthenic 
acids  but  other  types  are  possible. 

Sample  27  was  the  only  material  of  this  type 
examined.  The  results  of  the  tests  made  are 
given  in  table  7.  This  material  was  a  mixture 
of  a  petroleum  distillate  in  the  lubricating  oil 
range    with    sodium    soaps    of    carboxylic    acids 


(probably  naphthenic).  This  material  and 
materials  of  the  same  type  are  characterized  by 
their  ability  to  form  a  substantially  stable  emul- 
sion when  shaken  with  water.  The  addition  of 
hydrochloric  acid  will  usually  break  the  emulsion 
and  produce  a  separate  fatty  layer.  The  original 
material  is  completely  soluble   in  chloroform. 

The  determinations  considered  necessary  for 
the  basic  evaluation  of  these  materials  are  those 
of  moisture  content  by  the  distillation  method 
(test  24),  ash  (test  12),  total  fatty  matter  (test 
18),  unsaponified  plus  unsaponifiable  matter  (test 
36),  and  soaps  by  difference.  The  amount  of 
moisture  in  these  materials  is  usually  very  low 
and  would  be  present  only  as  an  impurity.  The 
ash  is  useful  in  determining  the  extent  and  type 
of  inorganic  materials  present.  Total  fatty  matter 
extracted  with  chloroform  from  an  acidified 
solution  includes  the  soap  acids  and  the  unsaponi- 
fied and  unsaponifiable  matter.  A  determination 
of  unsaponified  and  unsaponifiable  matter  will 
then  enable  the  calculation  of  the  soap  acids  by 
difference.  Generally  the  former  material  will  be 
the  unsaponifiable  petroleum  distillate,  which  is 
identifiable  by  its  odor  and  appearance. 

Usually  the  estimation  of  soaps  (strictly  speak- 
ing, soap  acids)  by  difference  is  sufficient  for 
this  type  of  material  but,  if  it  is  considered 
necessary,  the  acids  from  the  soaps  can  be  re- 
covered by  acidifying  the  alcohol-water  phase 
after  extracting  the  unsaponified  and  unsaponifi- 
able matter,  extracting  with  ligroine  or  ether 
(or  chloroform  where  naphthenics  or  resins  are 
suspected)  and  evaporating  the  solvent.  The 
recovered  material  can  then  be  examined  qualita- 
tively and  quantitatively  in  the  manner  described 
for  the  soaps.  For  complete  information,  tests 
for  albuminoid  and  ammoniacal  nitrogen  (tests 
1  and  2)  should  be  conducted  on  the  original 
materia],  since  nonmetallic  soaps  of  this  type  may 
be  present.  When  positive  indications  are  ob- 
tained for  either  of  these  constituents,  the  quanti- 
tative determinations  can  be  made  in  the  same 
manner  as  described  for  the  soaps  (tests  11  or 
27). 

Soap-Forming  Acids 

The  soap-forming  acid  group  includes  the 
various  organic  acids  capable  of  being  saponified 
to  form  soaps.  The  marketed  material  also  usually 
contains  some   unsaponifiable   matter. 

Sample  28  was  the  only  material  of  this  type 


Table  8. — Analysis  of  a  soap-forming  acid 


Sample  28 

Characteristics 

Probable  source 

Vegetable 

oils 
Paste 
Brown 
Pungent 

Form. 

Color 

Odor 

Qualitative  Tests 

Solubility  in  water 

Insoluble 

Soluble 
Trace 

Solubility  in  chloroform, 

ether,  ligroine 
Ash_ 

Quantitative  Determinations 

Water                                         percent 
Ash           _ .                                          do 
Unsaponifiable    matter                  do 

Total    fatty    matter do 

Iodine  No.   (Wijs)  : 

On  extracted  fatty  acids 
On   unsaponifiable   matter . 

0.4 

Trace 

45.4 

99.6 

30 
201 

examined,  the  results  of  the  tests  made  being 
given  in  table  8.  It  was  derived  from  the  proces- 
sing of  vegetable  oils  and  fats  and  contained  a 
mixture  of  fatty  acids  and  unsaponifiable  fatty 
constituents.  This  material  and  others  of  the 
same  type  are  characterized  by  a  negligible 
amount  of  ash,  along  with  negative  tests  for 
ammoniacal   and  albuminoid  nitrogen. 

The  determinations  considered  necessary  for 
the  basic  evaluation  of  the  materials  are  those 
of  moisture  content  (tests  24  or  25),  ash  (test 
12),  and  unsaponifiable  matter  (test  35).  The 
water  and  ash  determinations  are  considered 
necessary  to  show  any  large  amount  of  impurities 
which  may  be  present.  When  these  determinations 
are  made,  it  is  usually  considered  unnecessary 
to  evaluate  the  total  fatty  matter  as  such,  since 
nominally  the  material  is  all  fatty  matter.  A 
determination  of  unsaponifiable  matter  is  im- 
portant to  show  the  extent  to  which  non-soap- 
forming  constituents  are  present.  If  the  nature 
of  the  soap-forming  acids  is  not  known,  they  can 
be  recovered  from  the  alcohol-water  phase  after 
the  extraction  of  the  unsaponifiable  matter.  This 
recovered  material  can  then  be  examined  in  the 
manner  described  for  soaps.  When  the  material 
is  chiefly  fatty  acids,  as  in  the  case  of  sample  28, 
the  iodine  number  of  the  fatty  acids  (test  22) 
can  be  used  as  a  measure  of  the  uniformity  of 
different   lots  of  the  same   material. 


Appendix  I. — Derivation  of  Admixtures  from  Industrial  Processes 


Petroleum  Industry  Products 

The  air-entraining  admixture  materials  which  were 
determined  to  be  wholly  or  in  part  derived  from  the 
petroleum  industry  fall  into  three  general  categories: 
the  naphthenates,  the  salts  of  sulfonated  hydro- 
carbons,   and    the    alkyl    aryl    sulfonates. 

Naphthenic  acids 

Naphthenic  acids  are  present  in  petroleum  in  small 
amounts,  ranging  from  0.1  to  3  percent.  They  are 
separated  during  the  refining  of  various  petroleum 
fractions  such  as  ligroine  (benzine),  kerosine,  and 
lubricating  oil.  These  petroleum  fractions  are  treated 
with    strong    sulfuric    acid    to    remove    aromatic    and 


unsaturated  compounds.  After  separating  the  bulk  of 
the  acid  sludge,  the  residual  oily  layers  are  subjected 
to  a  dilute  caustic  soda  wash  which  results  in  the 
formation  and  solution  of  sodium  naphthenates  (soaps 
of  naphthenic  acid).  The  aqueous  layer  containing 
these  soaps  is  separated  and  used  as  wetting  or 
emulsifying  agents  alone  or  incorporated  with  various 
lubricants  to  form  special  cutting  or  emulsifiable  oils. 
Commercial  products  representing  both  types  of  such 
materials  have  been  marketed  as  air-entraining  ad- 
mixtures. Chemically,  the  naphthenic  acids  are  classi- 
fied as  cyclo-paraffins,  characterized  by  a  saturated 
five-  or  six-membered  carbon  ring  associated  with  a 
carboxylic  acid  group  (-COOH).  The  alkali  soap  of 
this    acid    has    an    alkali    metal     (usually    sodium    or 


potassium)     substituted    for    hydrogen     in    the    group 
(-COONa). 

Sulfonated  aromatic  hydrocarbons 

The  second  category  of  materials  derived  from  the 
petroleum  industry  is  the  sulfonated  aromatic  hydro- 
carbons (or  petroleum  sulfonates).  These  materials 
are  obtained  during  the  refining  of  lubricating  and 
white  oil  stocks  with  highly  concentrated  sulfuric 
acid.  For  example,  in  the  preparation  of  white 
mineral  oil  for  medicinal  purposes,  the  stock  oil  is 
repeatedly  treated  with  fuming  sulfuric  acid  to  re- 
move substantially  all  the  aromatic  constituents  in 
order  to  obtain  the  required  colorless  white  oil.  As 
a  result  of  the  high  degree  of  sulfonation  obtained  in 
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the  acid  treatment,  considerable  amounts  of  aromatic 
sulfonic  acids  are  produced  (13).  These  acids  are 
principally  of  two  types — the  so-called  water-soluble 
type  predominantly  contained  in  the  lower  acid  sludge, 
and  the  so-called  oil-soluble  type  predominantly  found 
in  the  upper  oil  layer  of  the  reaction  mixture.  The 
water-soluble  acids  found  in  the  sludge  impart  a  dark 
green  color  to  their  aqueous  solution  and  are  conse- 
quently referred  to  as  "green"  petroleum  sulfonic 
acids.  The  acids  left  in  solution  in  the  oil  impart  a 
reddish  color  to  the  oil  and  for  this  reason  are 
generally  referred  to  as  "mahogany"  petroleum 
sulfonic  acids. 

After  the  separation  of  the  oil  layer  from  the  acid 
sludge,  the  oil  layer  is  washed  with  aqueous  alcohol 
solutions  to  extract  the  free  oil-soluble  sulfonic  acids, 
or  neutralized  with  alcoholic  alkali  and  the  sulfonates 
extracted  as  their  alkali  salts.  These  materials  are 
used  primarily  as  emulsifying  agents  and  have  been 
proposed  for  use  as  anti-stripping  agents  in  bitumi- 
nous mixtures   (IS). 

The  water-soluble  or  "green"  petroleum  sulfonic 
acids  are  recovered  from  the  acid  sludge  as  their 
salts  by  a  process  of  water-washing,  neutralization, 
and  alcoholic  extraction.  They  are  used  primarily  as 
inexpensive  detergents  and  wetting  agents  and  par- 
ticularly as  a  base  for  air-entraining  admixtures  for 
concrete  and  asphalt  emulsion  stabilizers  (IS). 
Chemically,  the  water-soluble  sulfonic  acids  are 
characterized  by  having  a  complex  ring  structure 
consisting  of  several  aromatic  and  one  saturated  ring 
nuclei  associated  with  one  or  two  sulfonic  acid  groups 
(-SO3H).  In  one  patent,  a  condensed  petroleum 
sulfonic  acid  is  combined  with  a  hydroxyl-alkyl- 
amine  (e.g.,  triethanolamine)  which  replaces  one  half 
of  all  the  available  hydrogen  in  the  sulfonic  acid 
groups  to  form  a  salt  useful  as  a  cement  additive  or 
concrete  admixture  (H). 

Alkyl  aryl  sulfonates 

The  third  type  of  admixture  derived  from  the 
petroleum  industry  is  the  alkyl  aryl  sulfonates.  While 
in  the  broadest  sense  these  materials  are  also  sul- 
fonated hydrocarbons,  their  manner  of  derivation 
and  their  characteristics  differ  widely  from  the  group 
previously  discussed.  These  materials  cannot  be 
strictly  classified  as  byproducts  since  they  are  manu- 
factured by  a  direct  synthesis.  They  are  commonly 
referred  to  as  synthetic  detergents  and  have  found 
a  wide  acceptance  under  various  trade  names  as 
household  and  industrial  detergents.  They  are  usually 
prepared  by  chlorinating  the  kerosine  fraction  of 
petroleum  distillates,  condensing  this  product  with  an 
aromatic  hydrocarbon  (e.g.,  benzene  or  naphthalene), 
and  sulfonating  the  aromatic  portion  of  the  complex 
with  fuming  sulfuric  acid.  This  procedure  produces 
a  complex  material  consisting  of  a  central  aryl 
(aromatic)  nucleus  associated  with  two  separate  side 
groupings.  One  grouping  is  the  alkyl  side  chain 
(hydrocarbons  from  the  kerosine  fraction)  and  the 
other  is  the  sulfonic  acid  group  (-SO3H).  The  product 
is  then  neutralized  with  aqueous  sodium  hydroxide 
to  form  the  alkyl  aryl  sodium  sulfonate  where  the 
sodium  ion  replaces  hydrogen  in  the  sulfonic  acid 
group   to   form    the   salt    (-SOsNa). 

It  is  this  complex  organic  salt  which  comprises 
the  active  ingredient  of  this  type  of  synthetic  deter- 
gent. As  a  result  of  the  presence  of  sulfuric  acid 
at  the  time  of  the  alkali  neutralization,  a  substantial 
amount  of  sodium  sulfate  is  also  formed.  In  many 
applications  this  salt  is  not  removed  since  it  increases 
the  detergency  of  the  product.  Various  dry  formula- 
tions vary  from  85  percent  alkyl  aryl  sodium  sulfonate 
and  15  percent  sodium  sulfate  to  40  percent  alkyl 
aryl  sodium  sulfonate  and  60  percent  sodium  sulfate 
(15).  The  material  is  also  marketed  in  aqueous 
solutions  for  air-entrainment  purposes.  The  alkyl 
aryl  suifonates  are  sometimes  added  in  small  amounts 
to  other  types  of  concrete  admixtures  to  enhance  their 
ability  to  entrain  air. 

Paper  Pulp  Manufacture  Products 

There  are  two  general  types  of  processes  used  in 
the  manufacture  of  paper  pulp,  both  of  which  yield 
byproducts  suitable  as  such  or  as  a  base  for  concrete 
admixtures — the  acid  process  (sulfite)  and  the  alkaline 
process   (sulfate  and  soda). 


Acid  process 

In  the  acid  process  the  wood  chips  are  digested 
under  pressure  in  a  solution  of  sulfurous  acid  and 
calcium  acid  sulfite.  This  digestion  leaves  the  cellu- 
lose of  the  wood  unaffected  but  decomposes  the  lignin 
and  complex  carbohydrates  originally  present.  After 
a  suitable  digestion  period  the  sulfite  liquor  is  drawn 
off,  leaving  the  cellulose  pulp.  The  sulfite  liquor 
contains  about  8  to  14  percent  solids  which  consist 
of  approximately  60  percent  calcium  lignosulfonate, 
20  percent  reducing  sugars,  and  10  percent  carbo- 
hydrates, the  remainder  being  volatile  acids,  methyl 
alcohol,  acetone,  and  inorganic  impurities  (16).  The 
sulfite  liquors  have  been  used  directly  as  admixtures 
for  concrete.  The  liquor  is  also  utilized  for  the 
production  of  alcohol  by  fermenting  the  sugars 
present.  Following  this  fermentation,  or  as  a  sepa- 
rate process,  the  liquor  may  be  treated  with  excess 
lime  in  order  to  obtain  calcium  sulfite  which  is  re- 
turned to  the  digestion  process.  The  basic  calcium 
lignosulfonate  resulting  from  the  latter  operation  is 
removed  as  a  filter  cake  and  pressed  to  reduce  its 
moisture    content   to   about   50   percent. 

The  calcium  lignosulfonate  thus  obtained  and 
further  dried  exhibits  excellent  dispersing  properties 
and  is  used  to  some  extent  as  an  admixture  for  con- 
crete. In  one  patent  an  admixture  is  described  which 
consists  mainly  of  the  solid  residue  of  waste  sulfite 
liquors  after  they  have  been  fermented  and  the  alcohol 
removed  (17).  Undoubtedly,  the  major  portion  of 
these  solids  is  calcium  lignosulfonates  with  most  or 
all  of  the  sugars  removed.  Chemically  the  lignosul- 
fonate is  believed  to  be  a  polymerized  material  made 
up  of  numerous  benzene  rings  with  hydrocarbon  side 
chains,  methoxyl  (-OCH3)  groups,  hydroxyl  (-OH) 
groups,    and    calcium    sulfonate   groups. 

Alkaline  process 

There  are  two  major  methods  of  alkaline  digestion 
of  wood  for  pulp  manufacture — the  soda  and  sulfate 
processes.  In  the  former,  the  wood  chips  are  digested 
with  sodium  hydroxide,  while  the  latter  process  makes 
use  of  sodium  sulfate  in  combination  with  sodium 
sulfide.  The  "black  liquors"  obtained  in  both  cases 
are  somewhat  similar  and  have  been  used  as  such  or 
with  some  refinement  and  modification  as  air-entrain- 
ing admixtures  for  concrete. 

The  black  liquors  consist  of  a  mixture  of  sodium 
salts  of  straight  chain  earboxylic  acids,  resin  acids 
(predominately  abietic),  sterols,  alcohols,  unsaponifi- 
able  matter,  and  inorganic  salts.  The  crude  soap 
skimmings  from  the  raw  liquor  may  be  used  as  an 
emulsifier  (IS).  The  active  materials  serving  this 
purpose  are  primarily  the  sodium  soaps  of  the  fatty 
and  resin  acids.  The  black  liquors  are  also  refined 
to  yield  such  products  as  tall  oil,  rosin  and  rosin 
soaps,  turpentine,  wood  alcohol,  and  lignin.  Tall  oil 
and  rosin  are  used  as  additional  sources  of  air- 
entraining  admixtures.  Crude  tall  oil  is  the  residue 
obtained  by  evaporating  the  sulfate  liquor  and  acidify- 
ing the  thick  curds.  It  is  an  oily  resinous  mixture 
containing  30  to  59  percent  fatty  acids,  34  to  64 
percent  resin  acids,  and  5  to  10  percent  unsaponifiable 
matter  (19).  Soaps  usable  as  admixtures  can  be 
formed  by  reaction  of  the  original  tall  oil  with  an 
alkaline  substance  (e.g.,  caustic  soda,  ammonia,  etc.). 
Rosin  and  fatty  acids  may  be  separated  from  the  tall 
oil  and  these  can  be  saponified  to  produce  a  wetting 
agent  (20).  Lignin  isolated  from  these  liquors  also 
has  been  recently  contemplated  for  use  as  a  dis- 
persing agent. 

Wood  Stump  Processing  Products 

In  connection  with  the  manufacture  of  naval  stores, 
pine  tree  stumps  which  have  been  aged  in  the  ground 
for  about  10  to  15  years  have  been  found  to  be  an 
economical  source  of  turpentine,  pine  oil,  rosin,  and 
other  special  resins.  These  latter  resins  are  of  a 
lignin  nature,  and  when  neutralized  have  been  widely 
used   for   air-entrainment   purposes. 

The  methods  used  for  processing  wood  stumps  vary 
considerably.  One  patented  procedure  (2/)  makes  use 
of  a  coal  tar  hydrocarbon  (such  as  benzene,  toluene, 
etc.)  to  extract  the  wood  chips.  If  the  chips  have  not 
been  previously  steamed,  the  extract  will  contain  tur- 
pentine, pine  oil,  FF-grade  rosin  and  other  resins.  The 
extract    is    drawn    off    and    the    solvent    recovered    by 


distillation.  The  distillation  is  continued  to  remove 
turpentine  and  pine  oil.  The  residue,  a  solid  con- 
taining rosin  and  other  resins,  is  then  dissolved  in 
a  mixture  of  a  light  petroleum  hydrocarbon  such  as 
gasoline  and  some  other  suitable  solvent  such  as 
furfural.  The  two  solvent  layers  separate  upon  cool- 
ing. Rosin  is  obtained  from  the  petroleum  solvent 
and  the  resins  are  obtained  from  the  furfural  solvent. 
After  removal  of  the  solvent,  the  dried  resin  may  be 
neutralized  with  sodium  hydroxide  to  produce  a 
sodium  resinate  which  is  used  extensively  as  an  air- 
entraining  admixture  for  concrete.  The  structural 
chemistry  of  the  original  resin  is  not  well  developed. 
It  is  believed  to  be  mainly  of  a  lignin  nature  con- 
taining methoxyl  (-OCH3)  and  hydroxyl  (-OH) 
groups  as  well  as  oxidized  resin  acids,  oxidized 
terpenes,  polyphenols,  and  polymerized  terpenes  (22). 
The  empirical  formula  of  the  main  constituent  in 
the  resin  has  been  reported  to  be  approximately 
C27H30O5  and  to  have  an  average  molecular  weight 
of  about  450  (23).  The  unneutralized  resin  is  soluble 
in  alcohol  and  coal  tar  solvents,  but  substantially 
insoluble    in    petroleum    solvents    and    water. 

Animal  Hide  Industry  Products 

Animal  skins  are  mainly  composed  of  proteins 
which  nature  utilizes  as  emulsifying  agents.  Thus, 
many  byproducts  incidental  to  the  manufacture  of 
leather  also  have  good  emulsifying  properties  and 
have   been    used    as    air-entraining    admixtures. 

Prior  to  tanning,  the  hides  are  dried,  treated  with 
a  preservative  (usually  sodium  chloride),  and  shipped 
to  the  tannery.  The  skins  are  then  soaked  in  water 
to  remove  the  preservative  and  soften  the  hide.  This 
treatment  also  results  in  the  solution  of  certain  pro- 
teins and  their  degradation  products  (such  as  albu- 
men). Degraded  albumen  contains  lysalbinic  and 
protalbinic  acids  which,  when  neutralized  with  some 
alkaline  material,  become  useful  as  dispersing  agents 
(2i).  After  removing  the  areolar  tissue,  the  skin  is 
subjected  to  a  lime-water  treatment  in  order  to 
hydrolyze  and  remove  the  keratinous  proteins  (the 
hair,  nails,  and  horns  of  the  epidermis).  This  results 
in  the  solution  of  calcium  salts  of  complex  amino 
acids  which  are  also  useful  as  dispersing  agents.  In 
addition,  some  of  the  albumen  that  was  unaffected 
Nby  the  earlier  water  treatment  is  hydrolyzed  and 
dissolved  to  yield  more  calcium  salts  of  lysalbinic  and 
protalbinic  acids. 

Gelatin,  or  glue,  derived  directly  from  the  alkaline 
treatment  of  animal  hides,  is  an  excellent  emulsifying 
and  dispersing  agent  and  has  been  used  as  a  major 
ingredient  in  preparing  commercial  admixtures  for 
concrete.  One  patent  describes  a  mixture  of  animal 
hide  glue  and  alkyl  aryl  sulfonate  salt  as  being 
particularly  suitable  for  producing  cellular  concrete 
(25). 

Proteins  are  complex  organic  materials  composed 
of  units  of  amino  acids  having  the  general  formula 
NHu-R-COOH,  where  R  stands  for  a  complex  carbon 
chain,  and  NH2  and  COOH  the  amino  and  earboxylic 
acid  groups,  respectively.  Animal  glues  are  merely 
colloidol    suspensions    of    protein    molecules    in    water. 

Fat  and  Vegetable  Oil  Processing  Products 

Animal  and  vegetable  fats  and  oils  are  hydrolyzed 
by  various  methods  to  produce  fatty  acids.  The  raw 
fats  and  oils  derived  from  animal  and  vegetable 
matter  may  be  hydrolyzed  at  high  pressure  with  lime 
or  magnesia,  or  they  may  be  processed  by  the  use 
of  sulfuric  acid  and  an  aromatic  hydrocarbon  such 
as  naphthalene.  The  crude  fatty  acids  so  produced 
may  then  be  distilled  under  vacuum  to  separate  the 
individual  acids. 

Chemically,  the  fatty  acids  are  characterized  by 
a  long  hydrocarbon  chain  which  is  combined  with  a 
earboxylic  acid  group  (-COOH).  When  saponified 
with  an  alkali,  the  fatty  acids  are  converted  to 
conventional  soaps.  These  soaps  are,  of  course,  the 
most  widely  used  of  all  wetting  agents  and  detergents, 
and  are  sometimes  used  as  admixtures  for  entraining 
air  in  concrete.  Fatty  acid  soaps  are  also  sometimes 
found  combined  with  other  type  materials  in  com- 
mercial admixtures  either  purposefully  or  as  a 
natural    result    of    processing. 
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Appendix  II.— Test  Procedures 


Many  of  the  tests  referred  to  in  the  preceding  text 
are  standard  procedures  and  are  given  in  the  Ameri- 
can Society  for  Testing  Materials  (A.S.T.M.)  Book 
of  Standards  and  other  publications.  Others  are 
modifications  of  standard  procedures  or  tests  de- 
veloped during  the  course  of  this  work,  while  still 
others  are  non-standard  tests  suggested  by  the  litera- 
ture. In  this  appendix,  all  of  these  tests  are  num- 
bered and  are  listed  alphabetically  according  to  the 
constituent  being  determined  or  according  to  the 
usual  designation  for  the  test.  Qualitative  and  quan- 
titative  tests   are   given    under    separate    headings. 

For  the  standard  tests  and  such  tests  where  only 
minor  modifications  were  made,  the  A.S.T.M.  Book 
of  Standards  (26)  designation  is  given  along  with  a 
statement  of  the  modification  if  any.  For  all  tests 
not  included  in  the  A.S.T.M.  Book  of  Standards,  the 
basic  procedures,  reagents,  and  equipment  are  given, 
with  references  to  the  orginal  sources  when  available. 

Qualitative  Tests 

(1)  Albuminoid  nitrogen  (amines,  etc.). — After 
boiling  the  material  for  several  minutes  as  shown  in 
the  test  for  ammonia  (test  2),  cool  the  flask  and  its 
contents  to  room  temperature,  add  an  alkaline  solu- 
tion of  potassium  permanganate,  boil,  and  test  the 
vapors  with  moistened  red  litmus  paper.  A  blue 
coloration  is  indicative  of  the  original  presence  of 
albuminoid  nitrogen. 

(2)  Ammoniacal  nitrogen  (ammonia,  etc.). — Place 
a  small  amount  of  the  sample  in  a  small  narrow- 
mouthed  flask.  Add  distilled  water  if  necessary.  If 
the  sample  is  acid  to  methyl  orange,  add  sufficient 
magnesium  oxide  to  make  alkaline.  Boil  and  test  the 
vapors  with  moistened  red  litmus  paper.  A  blue 
coloration  indicates  the  presence  of  free  ammonia, 
ammonium  soaps  or  salts. 

(3)  Glue  (tannic  acid  test). — Boil  several  grams 
of  the  material  with  10-15  ml.  of  water  for  a  few 
minutes.  Filter  while  hot  and  cool  to  room  tempera- 
ture. To  a  portion  of  the  filtrate  add  an  equal  volume 
of  a  cold  10-percent  solution  of  sodium  chloride  nearly 
saturated  with  tannic  acid  and  freshly  filtered.  A 
pale  grayish-yellow  floeculent  precipitate  indicates 
the  presence  of  glue. 

(4)  Glue  (molybdate  test). — To  a  portion  of  the 
cool  water  extract  obtained  in  test  3,  add  half  its 
volume  of  neutral  ammonium  molybdate  solution 
followed  by  a  few  drops  of  nitric  acid.  The  formation 
of  a  white  amorphous  precipitate  indicates  the 
presence  of  glue. 

(5)  Proteinaceous  matter  (Biuret  test).- — Mix  about 
five  drops  of  the  original  sample  in  solution  with 
approximately  3  ml.  of  reagent  consisting  of  one 
part  of  3-percent  cupric  sulfate  solution  and  forty 
parts  of  10-percent  sodium  hydroxide  solution.  A 
violet  to  purple  coloration  is  indicative  of  a  protein- 
aceous material. 

(6)  Rosin  (Liebermann-Storch  test). — Use  A.S.T.M. 
Method  D  803-51,  sections  57  and  58  (1952,  Part  4, 
p.  672).  This  test  should  be  run  on  the  extracted  and 
dried  organic  acids  or  fatty  matter.  A  fugitive  violet 
coloration  is  indicative  of  the  presence  of  rosin  or 
rosin  acids. 

(7)  Sulfonated  lignin  (permanganate  test). — Dis- 
solve a  small  amount  of  the  material  in  10  ml.  of 
water,  add  5  ml.  of  dilute  sulfuric  acid,  and  then  a 
few  drops  of  0.5-percent  potassium  permanganate 
solution  and  shake.  Where  the  color  is  discharged 
immediately,  lignin  is  indicated. 

(8)  Triethanolamine,  melting  point  of  the  hydro- 
chloride salt. — The  melting  point  of  pure  triethanola- 
mine hydrochloride  is  177 °C.  A  melting  point  within 
the  range  of  173  to  181  °C.  is  sufficient  evidence  of 
the  presence  of  this  compound. 

Quantitative  Tests 

(9)  Alcohol-insoluble  matter. — Follow  the  procedure 
given   by  A.S.T.M.   Method   D   820-46,   sections   10   and 


11  (1952,  Part  7,  p.  607)  except  that  the  crucible 
and  contents  should  be  dried  at  105  °C.  for  several 
hours    and    weighed    as    alcohol-insoluble    matter. 

Where  glue  is  known  to  be  present,  make  the  extrac- 
tion at  room  temperature  in  a  platinum  or  porcelain 
dish.  After  thorough  stirring  with  each  portion  of 
alcohol,  allow  the  insoluble  matter  to  settle  and  filter 
the  supernatant  liquid  through  a  fritted  glass  crucible. 
When  the  extraction  is  complete,  return  the  contents 
of  the  crucible  to  the  evaporating  dish  with  a  stream 
of  96-percent  alcohol.  Evaporate  the  alcohol  on  a 
steam  bath  and  dry  the  contents  of  the  dish  to  con- 
stant weight  at  105°C.  Weigh  and  calculate  as  the 
percentage  of   alcohol-insoluble  matter   in   the  sample. 

(10)  Alcohol-soluble  matter. — Use  A.S.T.M.  Method 
D   820-46,   sections    10   and    11    (1952,   Part   7,   p.   607). 

(11)  Ammoniacal  nitrogen. — Weigh  accurately  1  to 
3  g.  of  sample  into  a  500-ml.  distilling  flask.  Add 
200  ml.  of  water  and  2  g.  or  more  of  magnesium 
oxide  free  from  carbonates.  Connect  the  flask  to  the 
condenser  with  a  Kjeldahl  connecting  bulb,  distill 
100  ml.  of  liquid  into  a  measured  quantity  of  standard 
acid  (0.1N  sulfuric  acid  recommended)  and  titrate 
with  standard  alkali  solution  (0.1N  sodium  hydroxide 
recommended)  using  methyl  red  as  an  indicator.  The 
amount  of  standard  acid  to  be  added  depends  on  the 
expected  ammonia  content  of  the  sample.  Calculate 
the  result  as  the  percentage  of  ammoniacal  nitrogen 
present   in   the  sample    (ref.   27,   method   2.27,   p.    14). 

(12)  Ash.— Weigh  sufficient  sample  into  a  small 
porcelain  evaporating  dish,  dry  over  a  steam  bath, 
char  and  ignite  to  constant  weight  at  600°C.  Calcu- 
late the  results  as  the  percentage  of  ash  in  the  sample. 
If  desired,  the  sample  from  the  moisture  determina- 
tion   (oven   method)    may   be  used   for   this   test. 

(13)  Calcium  (in  ash). — Analyze  the  material  from 
the  ash  determination  (test  12)  for  calcium  by  any 
suitable  procedure  (e.g.,  precipitation  as  oxalate, 
ignited  and  weighed  as  calcium  carbonate  or  calcium 
oxide)  after  preliminary  removal  of  silica  and  the 
ammonium  hydroxide  group.  Express  the  result  in 
terms   of   percentage  of   calcium    in    the   ash. 

(14)  Calcium  chloride  (Mohr's  titration  for  chlo- 
ride).— Weigh  1  g.  of  sample  into  a  300-ml.  porcelain 
casserole,  dissolve  in  150-200  ml.  of  distilled  water. 
Add  3  ml.  of  5-percent  potassium  chromate  solution 
and  titrate  with  0.1N  silver  nitrate  solution.  The  end 
point  is  marked  by  the  transition  in  color  from  a 
lemon  yellow  to  a  faint  orange  tinge  which  does  not 
disappear  on  stirring.  Standardize  the  silver  nitrate 
solution  with  0.1  to  0.2  grams  of  fused  sodium 
chloride,  titrated  in  the  same  manner  as  the  sample. 
Express  the  result  as  the  percentage  of  calcium 
chloride  in  the  original  sample. 

(15)  Calcium  Rgnosulf onate  (colorimetric  method). 
— Dissolve  exactly  3.0  g.  of  sample  in  exactly  1  liter 
of  water.  Treat  a  25-ml.  aliquot  of  this  solution  with 
5.0  ml.  of  concentrated  nitric  acid  and  dilute  to 
exactly  50  ml.  Measure  the  color  developed  hy  oxida- 
tion with  nitric  acid  with  a  spectrophotometer  at  a 
wavelength  of  from  485  to  550  millimicrons  and 
determine  the  concentration  by  use  of  a  calibration 
curve   prepared   with   a   reference   sample. 

(16)  Calcium  lignosulf onate  (difference  method). — 
Calculate  the  percentage  of  calcium  lignosulfonate  in 
the  sample  by  subtracting  the  total  of  the  percentages 
of  calcium  chloride,  moisture,  and  synthetic  detergent 
from  100. 

(17)  Chlorides  in  alcohol-soluble  matter. — After  the 
determination  of  fatty  matter  in  synthetic  detergent 
(test  19),  use  A.S.T.M.  Method  D  820-46,  sections 
19-21  (1952,  Part  7,  p.  610).  Express  the  result  as 
the  percentage  of  sodium  chloride  in  the  sample. 

(18)  Fatty  matter  (total). — Weigh  accurately  suf- 
ficient sample  to  yield  about  1  g.  of  total  fatty  matter. 
Quantitatively  transfer  to  a  separatory  funnel  and 
dilute  to  100  ml.  with  water.  Acidify  the  material 
with  sufficient  hydrochloric  acid  to  free  all  the  fatty 
acids  and  extract  with  75  ml.  of  chloroform.  Follow 
with  two  more  such  extractions  of  25  ml.  each.    Wash 


the  collected  chloroform  extracts  twice  with  slightly 
acidified  (HC1)  water,  distill  or  evaporate  to  a  small 
volume,  and  then  transfer  to  a  small  tared  dish. 
Evaporate  the  residue  to  dryness  and  when  free  of 
chloroform,  dry  at  105°C.  for  15-minute  periods  to 
constant  weight.  Calculate  the  result  as  the  per- 
centage  of   total   fatty   matter    in   the   sample. 

Note:  When  dealing  with  salts  of  petroleum  sul- 
fonates (sulfonated  hydrocarbons),  it  will  be  neces- 
sary to  use  more  strongly  acidified  solutions  in  order 
to  reduce  the  solubility  of  the  organic  material  in  the 
aqueous  phase.  If  desired,  substantial  amounts  of 
sodium  chloride  in  the  aqueous  phase  will  serve  the 
same  purpose. 

(19)  Fatty  matter  in  synthetic  detergents. — After 
the  separation  of  the  alcohol-soluble  matter  (test  10), 
determine  as  directed  in  A.S.T.M.  Method  D  820-46, 
sections    16-18    (1952,   Part   7,   p.    609). 

(20)  Glue  (from  alcohol-insoluble  matter). — After 
the  determination  of  alcohol-insoluble  matter  (test 
9),  ignite  the  material  at  600 °C.  and  weigh.  The  loss 
in  weight  represents  an  approximation  of  the  glue 
content,  which  is  expressed  as  a  percentage  of  the 
original  material. 

(21)  Glue  (from  total  nitrogen) . — Multiply  the  per- 
centage of  total  nitrogen  in  the  sample  (test  27)  by 
the  factor  5.6  to  obtain  the  percentage  of  glue  present. 
See  A.S.T.M.  Method  D  982-52,  section  7c  (1952,  Part 
7,  p.  854).  The  factor  5.6  is  an  empirical  relation 
based  on  an  average  nitrogen  content  for  animal 
glues. 

(22)  Iodine  number  (Wijs  method). — Use  the  pro- 
cedure given  in  A.S.T.M.  Method  D  460-46,  section  38 
(1952,  Part  7,  p.  592). 

(23)  Methoxyl  content. — Use  the  A.S.T.M.  Method 
C  114-51T,  sections  2-4  (1952,  Part  3,  p.  102),  except 
that  the  result  shall  be  expressed  as  the  percentage  of 
methoxyl  (OCH3)  present  in  the  total  fatty  matter 
and  that  the  determination  shall  be  made  on  the 
material  obtained  as  total  fatty  matter  (test  18). 
In  the  case  of  solid  samples,  no  previous  extraction 
of  total  fatty  matter  is  necessary,  and  is  actually 
undesirable  in  the  case  of  lignosulfonates.  For  the 
latter  materials,  the  results  should  be  expressed  on 
the  basis  of  the  calcium  lignosulfonate  content.  1  ml. 
of  0.1N  sodium  thiosulfate  solution  is  equivalent  to 
0.000517  g.  of  methoxyl  (OCH3). 

(24)  Moisture  (distillation  method). — Use  A.S.T.M. 
Method  D  460-46,  sections  11-13  (1952,  Part  7,  p.  584). 
Calculate  the  result  as  the  percentage  of  moi6ture  or 
water  in  the  sample. 

(25)  Moisture  (oven  method).  —  Use  A.S.T.M. 
Method  D  460-46,  section  10  (1952,  Part  7,  p.  584). 
Calculate  the  result  as  the  percentage  of  moisture 
or  percentage  of  solids   in   the  sample. 

(26)  Naphthenic  acids. — Weigh  accurately  3  to 
5  g.  of  sample  (or  more  if  naphthenic  acid  content 
is  less  than  40  percent)  into  a  250-ml.  conical  flask. 
Add  25  ml.  of  alcohol  (80  percent  by  volume)  and 
reflux  the  mixture  for  1  hour.  Decant  and  save  the 
extract  and  repeat  the  refluxing  and  decantation 
procedures  with  alcohol  until  the  last  extract  does 
not  leave  a  residue  upon  evaporation.  Combine  the 
extracts  and  evaporate  to  dryness  on  a  steam  bath. 
The  residue  consists  of  sodium  naphthenates  and 
other  alcohol-soluble  matter. 

Dissolve  the  residue  in  water,  transfer  to  a  separa- 
tory funnel  with  the  aid  of  wash  water.  Add  an 
excess  of  copper  sulfate  solution  (10  percent)  to 
precipitate  all  the  naphthenates  as  copper  salts. 
Extract  the  material  with  benzene  until  a  colorless 
extract  is  obtained.  To  ensure  that  sufficient  copper 
is  present,  add  more  copper  sulfate  solution  to  the 
aqueous  solution  and  again  extract  with  benzene. 
If  this  extract  is  colored,  add  it  to  the  combined 
benzene  extracts.  Wash  the  combined  extracts  with 
water,  shaking  lightly.  Evaporate  to  dryness  in  a 
tared  dish,  dry  for  1  hour  at  105  °C,  cool,  and  weigh 
as  copper  naphthenate. 

Weigh  a  portion  of  the  dried  copper  naphthenate 
into   a   tared   porcelain   crucible,   ignite   gently   with   a 
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bunsen  flame,  cool,  and  weigh  the  residue  as  copper 
oxide.  Calculate  the  copper  content  of  the  copper 
naphthenate  (copper  =  0.798  of  copper  oxide)  in  the 
ignited  portion  and  use  this  factor  to  calculate  the 
percentage  of  naphthenic  acids  in  the  sample  (total 
weight  of  copper  naphthenate  less  the  weight  of 
copper  present  divided  by  the  weight  of  the  sample). 
Note :  This  method  is  based  on  that  presented  in 
the  Institute  of  Petroleum  standard  methods  {28). 
The  term  naphthenic  acids  as  referred  to  here  means 
the  carboxylic  acids  occurring  in  crude  petroleum 
which  combine  with  copper  to  give  benzene  soluble 
salts. 

(27)  Nitrogen  {modified  Gunning  method). — Place 
0.7  to  3.5  g.  (according  to  nitrogen  content)  of  dried 
sample  in  a  Kjeldahl  digestion  flask.  Add  30  ml.  of 
concentrated  sulfuric  acid  containing  1  g.  of  dis- 
solved salicylic  acid ;  shake  until  thoroughly  mixed ; 
and  allow  to  stand  at  least  30  minutes  or  until  com- 
plete solution  results  (shake  frequently).  Add  5  g. 
of  sodium  thiosulfate  and  heat  gently  for  5  minutes. 
Cool,  add  10  g.  of  potassium  sulfate  or  anhydrous 
sodium  sulfate,  and  heat  gently  until  foaming  ceases. 
Slowly  increase  the  heat  until  the  acid  boils  and 
digest  until  the  oxidation  is  complete,  continuing  for 
a    time   after    the   mixture    is    colorless    or    nearly    so. 

After  cooling,  dilute  with  approximately  200  ml.  of 
water  and  add  a  few  pieces  of  granulated  zinc  to 
prevent  bumping,  add  sufficient  sodium  hydroxide 
solution  (450  g.  per  liter)  to  make  the  reaction 
mixture  strongly  alkaline  (50  to  100  ml.  is  usually 
sufficient),  pouring  it  down  the  side  of  the  flask  so 
that  it  does  not  mix  all  at  once.  Connect  the  flask 
to  the  condenser  by  means  of  a  Kjeldahl  connecting 
bulb,  taking  care  that  the  tip  of  the  condenser  ex- 
tends below  the  surface  of  standard  acid  in  the 
receiver.  Mix  the  contents  by  shaking  and  distill 
until  all  ammonia  has  passed  over  into  a  measured 
quantity  of  the  standard  acid  (amount  of  acid  must 
be  adjusted  according  to  expected  nitrogen  content). 
The  first  150  ml.  of  distillate  usually  contains  all  the 
ammonia.  Titrate  the  excess  of  standard  acid  with 
standard  alkali  (0.1N  NaOH)  using  methyl  red  as  the 
indicator,  and  from  the  amount  of  acid  consumed 
calculate  the  nitrogen  content  on  the  basis  of  the 
total  sample. 

Note :  This  method  is  essentially  the  same  as  a 
previously  published  procedure  (ref.  27,  method  2.26, 
p.   13). 

(28)  Proteins. — Multiply  the  percentage  of  total 
nitrogen  as  determined  by  test  27  by  the  factor  6.3 
to   obtain    the   percentage   of    proteins    in    the   sample. 

Note :  This  factor  varies  for  different  type  proteins 
(from  5.6  to  6.7).  However,  6.3  is  considered  to  be  of 
sufficient  accuracy  for  the  purposes  of  this  estimation. 

(29)  Rosin  {McNicoll  method). — Follow  the  pro- 
cedure in  A.S.T.M.  Method  D  460-46,  sections  29-32 
(1952,  Part  7,  p.  589).  Calculate  the  percentage  of 
rosin   on   the   basis   of   the   original   sample. 


(30)  Sulfuric  anhydride  {organically  combined). — 
Determine  as  directed  in  A.S.T.M.  Method  D  500-45, 
sections  23-26  (1952,  Part  7,  p.  632). 

(31)  Synthetic  detergent  (colorimetric  method). — 
Weigh  accurately  1  g.  of  the  sample.  Dissolve  and 
transfer  to  a  100-ml.  volumetric  flask.  Fill  to  the 
mark.  Measure  an  aliquot  containing  from  0.1  to 
0.4  mg.  of  synthetic  detergent  into  a  separatory 
funnel  and  dilute  to  approximately  20  ml.  with  water. 
Neutralize  the  solution  with  dilute  hydrochloric  acid, 
using  3  to  4  drops  in  excess.  Add  1  ml.  of  methylene 
blue  solution  (0.1-percent  aqueous  solution  of  methy- 
lene blue  hydrochloride)  and  mix  thoroughly.  Add 
20  ml.  of  chloroform,  shake  gently  for  1  minute,  let 
stand  5  minutes,  and  draw  off  the  chloroform  layer 
into  a  second  separatory  funnel.  Add  20  ml.  of  dis- 
tilled water  to  the  second  funnel  and  shake  gently 
for  1  minute,  let  stand  5  minutes,  and  filter  through 
cotton  into  a  100-ml.  volumetric  flask.  Make  three 
additional  extractions  with  chloroform  and  subse- 
quent washings  as  before.  Wash  the  filter  funnel 
and  cotton  with  chloroform,  fill  the  flask  to  mark 
with  chloroform,  mix,  and  analyze  colorimetrically 
with  a  source  of  light  at  652  millimicrons.  The  in- 
strument should  be  standardized  by  using  various 
sized  aliquots  of  a  solution  of  a  reference  sample 
of  the  synthetic  detergent  being  determined,  and 
utilizing  the  same  procedure  as  described  for  the 
sample.  Calculate  the  result  as  the  percentage  of 
synthetic  detergent  in  the  sample. 

Note:  This  method  is  particularly  applicable  when 
the  amount  of  synthetic  detergent  in  the  sample  is 
small.  Quantitative  results  are  dependent  upon  the 
availability  of  a  standard  or  reference  sample  for 
calibration  purposes.  The  procedure  has  previously 
been  published   {29). 

(32)  Synthetic  detergent  {difference  method). — Cal- 
culate the  percentage  of  synthetic  detergent  by  sub- 
tracting the  total  of  the  percentages  of  moisture, 
alcohol-insoluble  matter,  fatty  matter  in  synthetic 
detergent,  and  the  chlorides  (as  sodium  chloride)  in 
the   alcohol-soluble   matter,    from    100. 

(33)  Synthetic  detergent  {volumetric  method). — ■ 
The  method  given  here  is  adapted  from  a  published 
procedure  {SO).  It  is  based  upon  the  principle  that 
alkyl  aryl  sulfonates  will  react  with  p-toluidine  hydro- 
chloride in  aqueous  solution  to  form  a  complex 
amine  salt  which  is  soluble  in  carbon  tetrachloride. 
Upon  titration  with  standard  alkali,  the  complex 
splits,  yielding  the  organic  sulfonic  acid  which  reacts 
with  the  standard  alkali.  The  results  are  expressed 
in  terms  of  a  factor,  unless  the  molecular  weight 
of  the  alkyl  aryl  sulfonate  is  known  or  a  reference 
sample  is  available  in  which  cases  the  percentage  of 
synthetic  detergent  may  be  calculated  directly.  The 
determination    is   conducted   as   follows : 

Weigh  accurately  3   to  4  g.  of  solid  sample   (or  suf- 


ficient liquid  sample  to  yield  this  amount  of  solids) 
into  a  250-ml.  separatory  funnel.  Add  50  ml.  of 
carbon  tetrachloride  and  100  ml.  of  an  aqueous  solu- 
tion containing  3.40  g.  of  paratoluidine  hydrochloride. 
Stopper  the  funnel  and  shake  for  5  to  10  minutes  or 
until  all  the  solid  matter  has  disappeared.  Let  settle 
and  draw  off  the  carbon  tetrachloride  layer  into  a 
500-ml.  glass-stoppered  Erlenmeyer  flask.  Repeat  the 
extraction   with   25   ml.   of   carbon   tetrachloride. 

Combine  the  extracts  and  add  100  ml.  of  95-percent 
ethyl  alcohol  (just  previously  neutralized  with  0.10N 
sodium  hydroxide  to  a  faint  purple  with  m-cresol 
purple  indicator  solution).  Titrate  with  standard  0.10N 
sodium  hydroxide  using  m-cresol  purple  indicator 
(0.5  percent)  until  the  emulsion  formed  by  vigorous 
and  intermittent  shaking  remains  lavender.  Express 
the  results  in  terms  of  milliliters  of  0.10N  sodium 
hydroxide  required  to  neutralize  1  g.  of  original 
sample. 

Best  results  are  obtained  where  the  alkyl  aryl  sul- 
fonate content  of  the  solids  is  between  30  and  60 
percent.  The  method  is  applicable  to  any  compound 
containing  an  alkyl  group  combined  with  such  aryl 
groups    as    benzene,    toluene,    phenol,    or    naphthalene. 

(34)  Triethanolamine. — The  following  procedure 
was  devised  by  the  authors  and  gave  satisfactory 
results  when  other  inorganic  salts  (especially  sodium 
sulfate)    were  not  present: 

Weigh  accurately  a  sample  containing  1  to  2  g. 
solids  into  a  250-ml.  beaker  and  dilute  with  water 
to  100  ml.  Add  sufficient  concentrated  hydrochloric 
acid  to  insure  a  moderate  excess.  Stir  well  and  let 
settle  (see  note  below).  Decant  the  aqueous  layer  into 
a  second  beaker,  taking  care  to  retain  all  the  un- 
dissolved material  in  the  original  beaker.  Repeat  the 
extraction  with  several  50-ml.  portions  of  moderately 
acidified  water. 

Evaporate  the  combined  extracts  to  dryness,  add 
100  ml.  of  95-percent  alcohol,  stir  well,  and  filter 
thru  a  tared  fritted  glass  crucible  of  medium  porosity. 
Wash  the  beaker  and  crucible  with  several  portions 
of  alcohol.  Dry  the  crucible  for  one-half  hour  at 
105  °C,  cool,  and  weigh  as  triethanolamine  hydro- 
chloride (C6H1503N.HC1).  Calculate  the  percentage 
of  triethanolamine  on  the  basis  of  the  original  sample 
(triethanolamine  hydrochloride  X  0.8033  =  triethan- 
olamine). 

Note :  Where  fatty  matter  separates  and  rises  to 
the  surface,  it  is  advisable  to  carry  out  the  extraction 
in  a  separatory  funnel  and  draw  off  the  aqueous  layer. 

(35)  Unsaponifiable  matter.— Use  A.S.T.M.  Method 
D   460-46,  sections  25-27    (1952,  Part  7,  p.   589). 

(36)  Unsaponified  plus  unsaponifiable  matter. — Use 
procedure  shown  in  A.S.T.M.  Method  D  460-46,  sec- 
tions   22-24     (1952,    Part    7,    p.    588). 

(37)  Unsaponified  matter. — Use  A.S.T.M.  Method 
D  460-46,  section  28  (1952,  Part  7,  p.  589). 
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Admixtures  Approved  by  the  Bureau  of  Public  Roads  for  Use  on  Direct  Government  Contracts  in  the  National  Parks  and 

National  Forests 


Trade  Name  Manufactured  by 

Aerolith L.  Sonneborn  Sons,  Inc.,  New  York,  N.  Y. 

Airalon  AEA Dewey  &  Almy  Chemical  Co.,  Cambridge,  Mass. 

Ayr-Trap  #1 A.  C.  Horn  Co.,  Long  Island  City,  N.  Y. 

Ayr-Trap  #2 A.  C.  Horn  Co.,  Long  Island  City,  N.  Y. 

Darex  AEA Dewey  &  Almy  Chemical  Co.,  Cambridge,  Mass. 

Durair Techkote  Co.,  Inc.,  Inglewood,  Calif. 

Kutwell  40_  Esso  Standard  Oil  Co.,  New  York,  N.  Y. 

Nacconol  NR Allied  Chemical  &  Dye  Corp.,  New  York,  N.  Y. 

Nacconol  Z Allied  Chemical  &  Dye  Corp.,  New  York,  N.  Y. 

N-Tair Newport  Industries,  Inc.,  New  York,  N.  Y. 

Portite Hopper  Products,  Inc.,  New  York,  N.  Y. 

Pozzolith  4A_ Master  Builders  Co.,  Cleveland,  Ohio. 

Pozzolith  5A Master  Builders  Co.,  Cleveland,  Ohio. 


Trade  Name  Manufactured  by 

Pozzolith  8 Master  Builders  Co.,  Cleveland,  Ohio. 

Pozzolith  10A Master  Builders  Co.,  Cleveland,  Ohio. 

Protex  AEA Autolene   Lubricants   Co.,   Denver,   Colo. 

Ricco Richards  Sales  Corp.,  Jersey  City,  N.  J. 

Santomerse  No.  1 Monsanto  Chemical  Co.,  St.  Louis,  Mo. 

Santomerse  S Monsanto  Chemical  Co.,  St.  Louis,  Mo. 

Sika  AER Sika  Chemical  Corp.,  Passaic,  N.  J. 

Spray-O-Bond Spray-O-Bond  Co.,  Milwaukee,  Wis. 

Specs E.  L.  Moore  Co.,  Pasadena,  Calif. 

Ultrawet  30E The  Atlantic  Refining  Co.,  Philadelphia,  Pa. 

Ultrawet  K_t The  Atlantic  Refining  Co.,  Philadelphia,  Pa. 

Veriset Verapon,  Inc.,  New  York,  N.  Y. 

Vinsol  NVX Hercules  Powder  Co.,  Wilmington,  Del. 


The  admixtures  included  above  are  approved 
subject  to  the  following  provision:  Either  prior 
to  or  at  any  time  during  construction  the  engineer 
may  require  that  the  admixture  selected  by  the 
contractor  be  further  tested  to  determine  its 
effect  upon  the  strength  of  the  concrete.  When 
so  tested,  compressive  strength  at  7  days  of  con- 
crete made  with  the  cement  and  aggregates  and 
in  the  proportions  to  be  used  in  the  work  and 
containing  the  admixture  under  test  in  an  amount 
sufficient  to  produce  from  3  to  6  percent  entrained 
air  in  the  plastic  concrete,  shall  not  be  less  than 
88  percent  of  the  strength  of  concrete  made  with 


the  same  materials  and  with  the  same  cement 
content  and  consistency  but  without  the  admixture. 
The  percentage  reduction  in  strength  shall  be 
calculated  from  the  average  strength  of  at  least 
five  standard  6-  by  12-inch  cylinders  of  each 
type  of  concrete.  Specimens  shall  be  made  and 
cured  in  the  laboratory  in  accordance  with 
A.S.T.M.  Standard  Method  of  Making  and  Curing 
Concrete  Compression  and  Flexure  Specimens  in 
the  Laboratory,  C  192-49,  and  shall  be  tested  in 
accordance  with  A.S.T.M.  Standard  Method  of 
Test  for  Compressive  Strength  of  Molded  Con- 
crete   Cylinders,    C    39-49.     The    percentage    of 


entrained  air  shall  be  determined  in  accordance 
with  A.S.T.M.  Tentative  Method  of  Test  for  Air 
Content  of  Freshly  Mixed  Concrete  by  the  Pres- 
sure Method,  C  231-49  T. 

The  contractor  will  be  required  to  follow  an 
approved  procedure  for  adding  the  specified 
amount  of  air-entraining  admixture  to  each  batch 
and  will  be  held  responsible  for  its  uniform 
operation  during  the  progress  of  the  work.  The 
contractor  shall  provide  separate  approved  scales 
for  such  admixtures  as  are  to  be  proportioned 
by  weight  and  accurate  measures  for  such  ad- 
mixtures  as   are   to   be   proportioned    by   volume. 
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A  list  of  the  more  important  articles  in 
PUBLIC  ROADS  may  be  obtained  upon  request 
addressed  to  Bureau  of  Public  Roads,  Wash- 
ington 25,  D.  C. 


PUBLICATIONS 
of  the  Bureau  of  Public  Roads 


The  following  publications  are  sold  by  the  Superintendent 
of  Documents.  Government  Printing  Office.  Washington  25, 
D.  C.  Orders  should  be  sent  direct  to  the  Superintendent  of 
Documents.    Prepayment  is  required. 


ANNUAL    REPORTS 


Work  of  the  Public  R< 

1941.  15  cents. 

1942.  10  cents. 


ds  Administration : 

1948.  20  cents. 

1949,  25  cents. 

Public  Roads  Administration  Annual  Reports: 

1943;  1944;  1945;  1946;  1947.  (Free  from  Bureau  of  Public  Roads) 
Annual  Reports  of  the  Bureau  of  Public  Roads: 

1950,  25  cents.  1952,  25  cents. 

1951,  35  cents.  1953,  25  cents. 


HOUSE   DOCUMENT   NO.   462 

Part  1. — Nonuniformity   of   State   Motor-Vehicle   Traffic   Laws    (1938). 
15  cents. 

Part  2. — Skilled  Investigation  at  the  Scene  of  the  Accident  Needed  to 
Develop  Causes  (1938).   10  cents. 

Part  3. — Inadequacy  of  State  Motor- Vehicle  Accident  Reporting  (1938). 
10  cents. 

Part  4. — Official  Inspection  of  Vehicles  (1938).   10  cents. 

Part  5. — Case  Histories  of  Fatal  Highway  Accidents   (1938).    10  cents. 

Part  6.— The  Accident-Prone  Driver  (1938).   10  cents. 


UNIFORM   VEHICLE   CODE 

Act     I. — Uniform   Motor- Vehicle   Administration,   Registration,    Certifi- 
cate of  Title,  and  Antitheft  Act  ( 1945) .  15  cents. 

Act  II. — Uniform    Motor-Vehicle    Operators'    and    Chauffeurs'    License 
Act  (revised  1952).    15  cents. 

Act  III.— Uniform  Motor- Vehicle  Civil  Liability  Act   (1944).    10  cents. 

Act  IV. — Uniform    Motor- Vehicle    Safety    Responsibility    Act     (revised 
1952).  15  cents. 

Act    V. — Uniform  Act  Regulating  Traffic  on  Highways   (revised  1952). 
20  cents. 

Model  Traffic  Ordinance  (revised  1952).  20  cents. 


MISCELLANEOUS   PUBLICATIONS 

Bibliography   of  Highway   Planning   Reports    (1950).    30  cents. 

Construction  of  Private  Driveways,  No.  272MP   (1937).    10  cents. 

Electrical  Equipment  on  Movable  Bridges,  No.  265T  (1931).  40 
cents. 

Factual  Discussion  of  Motortruck  Operation,  Regulation,  and  Taxa- 
tion  (1951).    30  cents. 

Federal  Legislation  and  Regulations  Relating  to  Highway  Construction 
(1948).   Out  of  print. 

Financing  of  Highways  by  Counties  and  Local  Rural  Governments, 
1931-41.  45  cents. 

Highway  Accidents  (1938).    10  cents. 

Highway  Bond  Calculations  (1936).   10  cents. 

Highway  Bridge  Location,  No.  1486D  ( 1927) .   15  cents. 

Highway  Capacity  Manual  (1950).  65  cents. 

Highway  Needs  of  the  National  Defense,  House  Document  No.  249 
(1948).   75  cents. 

Highway  Practice  in  the  United  States  of  America  (1949).    75  cents. 

Highway  Statistics  (annual)  : 

1945,  35  cents.  1948,  65  cents.  1952,  75  cents. 

1946,  50  cents.  1949,  55  cents. 

1947,  45  cents.  1951,  60  cents. 
Highway  Statistics,  Summary  to  1945.  40  cents. 

Highways  in  the  United  States,  nontechnical  (1951).    15  cents. 

Highways  of  History  (1939).   25  cents. 

Identification  of  Rock  Types  (1950) .    10  cents. 

Interregional  Highways,  House  Document  No.  379  (1944).  75  cents. 

Legal  Aspects  of  Controlling  Highway  Access   (1945).    15  cents. 

Local  Rural  Road  Problem x(  1950).   20  cents. 

Manual  on  Uniform  Traffic  Control  Devices  for  Streets  and  Highways 
( 1948) .  75  cents. 

Mathematical  Theory  of  Vibration  in  Suspension  Bridges  (1950).   $1.25. 

Principles  of  Highway  Construction  as  Applied  to  Airports.  Flight 
Strips,  and  Other  Landing  Areas  for  Aircraft   (1943).    $2.00. 

Public  Control  of  Highway  Access  and  Roadside  Development  (1947). 
35  cents. 

Public  Land  Acquisition  for  Highway  Purposes   (1943).    10  cents. 

Results  of  Physical  Tests  of  Road-Building  Aggregate  (1953) .  $1.00. 

Roadside  Improvement,  No.  191MP   (1934).    10  cents. 

Selected  Bibliography  on  Highway  Finance   (1951).    55  cents. 

Specifications  for  Construction  of  Roads  and  Bridges  in  National  For- 
ests and  National  Parks,  FP-41   (1948).    $1.50. 

Standard  Plans  for  Highway  Bridge  Superstructures   (1953).    $1.00. 

Taxation  of  Motor  Vehicles  in  1932.    35  cents. 

Tire  Wear  and  Tire  Failures  on  Various  Road  Surfaces  ( 1943) .  10  cents. 

Transition  Curves  for  Highways  (1940).  $1.75. 


MAPS 

State  Transportation  Map  series  (available  for  39  States).  Uniform 
sheets  26  by  36  inches,  scale  1  inch  equals  4  miles.  Shows  in  colors 
Federal-aid  and  State  highways  with  surface  types,  principal  con- 
necting roads,  railroads,  airports,  waterways.  National  and  State  for- 
ests, parks,  and  other  reservations.  Prices  and  number  of  sheets  for 
each  State  vary — see  Superintendent  of  Documents  price  list  53. 

United  States  System  of  Numbered  Highways  together  with  the  Federal- 
Aid  Highway  System  (also  shows  in  color  National  forests,  parks, 
and  other  reservations).  5  by  7  feet  (in  2  sheets),  scale  1  inch  equals 
37  miles.   $1.25. 

United  States  System  of  Numbered  Highways.  28  by  42  inches,  scale  1 
inch  equals  78  miles.   20  cents. 


Single  copies  of  the  following  publications  are  available  to 
highway  engineers  and  administrators  for  official  use,  and 
may  be  obtained  by  those  so  qualified  upon  request  addressed 
to  the  Bureau  of  Public  Roads.  They  are  not  sold  by  the  Super- 
intendent of  Documents. 

Bibliography    on    Automobile    Parking    in    the    United   States    (1946). 

Bibliography  on  Highway  Lighting  (1946). 

Bibliography  on  Highway  Safety  (1938). 

Bibliography  on  Land  Acquisition  for  Public  Roads   (1947)    . 

Bibliography  on  Roadside  Control  (1949). 

Express  Highways  in  the  United  States:  a  Bibliography   (1945). 

Indexes  to  Public  Roads,  volumes  17-19  and  23. 

Title  Sheets  for  Public  Ro\i>s.  volumes  24.  25.  and  26. 


United   States 
Government   Printing    Office 

DIVISION  OF  PUBLIC  DOCUMENTS 

Washington  25.  D.  C. 


PENALTY   FOR   PRIVATE   USE  TO  AVOID 

PAYMENT  OF  POSTAGE.   $300 
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If  you  do  not  desire  to  continue  receiving 
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DEPARTMENT  OF  COMMERCE  -  BUREAU  OF  PUBLIC  ROADS 

STATUS  OF  FEDERAL-AID  HIGHWAY  PROGRAM 

AS  OF  DECEMBER  31,  1953 
(Thousand  Dollars) 


California 
Colors  ilo 
Connectici 


Delaware 

Florida 

Georgia 


Idaho 

Illinois 

Indiana 


UN  PROGRAMMED 
BALANCES 


$5,032 
1,283 
2.352 


1,1*52 
1,923 

6.760 


3,979 


2,117 

10,264 

11,656 


2,119 
2,777 

1,779 


ACTIVE     PROGRAM 


i-koc.rammcd  only 


$9,557 
1,891* 
9.179 


4,965 

3,51*5 

1*50 


-AM 

15,116 


5,757 
21,1*91* 
28,166 


10,057 


$4,501 
1,267 
5,0^5 


2,82 

i|9e 


275 


2,1*62 
5;  797 

7,71*0 


3,595 
11,052 
15,1*32 


5,43? 
4,956 

5,H*8 


138.3 

57.4 

325.1 


28.7 
157.9 

335.6 


92.2 
153.7 
133.4 


248.0 
790.4 

108.7 


$7,369 
5.524 


I'M 

1,672 


7,: 
7,382 


3,386 

13,321 

9,205 

5,683 

2,756 
5,483 


$3,684 
2,75** 


2>} 


883 


k,hll 
3,688 


2,127 
6,600 
4.617 


2,936 
1,392 

2.741 


95.2 
123.1 


CONSTRUCTION  LMJLR  WAY 


^l 


12.9 

35.4 
1.7 


136.6 

1Q9.4 

41.5 

53.4 

45.4 


145.1 

2?3.2 

79.4 


16 


B 


£.? 


9':< 
766 
897 


367 

918 
710 


423 


$21,297 
4,762 
4. 664 


44,474 
9,932 
4,228 


1,792 
9,657 
14,Q?6 


5,665 
29,222 

8,870 


7,749 

6,554 

10,974 


438.7 

B5.9 

_2l2*i 

217.2 

181,5 

25.9 


18.8 
262.7 
446.7 


158.6 

286.2 

53.3 


429.7 
657.  b 

203.5 


$5§,71 


_22 


101 

23 

_1Q 


230 
074 
723- 


831 
5^6 


210 
733 
083 


043 
084 
010 


$29,482 

6,07b 

12.463 


49,470 

12,601 

5,306 


4,431 
19>54 
26,3"4 


11,387 
46,874 
28.919 


16,124 
12,902 

16,653 


672.2 
143.3 
667.7 


289.9 
267.6 

PQ-6 


53.6 
557.2 


292.3 
493.3 

232.1 


822.8 
1,741.2 
391.6 


2,i64 

1,050 
8,177 


15,862 
4,077 
2.617 


7,930 
2,176 

1,412 


122.0 
27.1 
34.1 


4,621 

760 

4.663 


2,340 

380 

2,230 


37.2 
24.8 


997 

£6 


13,064 
5,644 
4.803 


141.9 
84.7 
32.2 


480 
102 

S48_ 


23,334 
8,200 

8.445 


301.1 

116.5 

91.1 


Massachusetts 

Michigan 

Minnesota 


4,951 
1,982 

3,693 


1,543 

24,  •  12 
9,398 


12,556 

5,098 


6.4 
327.2 
765.1 


7,159 
3,786 

2,008 


3,562 

4,616 
1,031 


10.3 

131.7 

41.5 


18,710 

20,802 

6,712 


23.9 
163.3 
201.8 


117 

246 
111 


23,178 
37,974 
12,641 


40.6 

622.2 

1,008.4 


Mississippi 

Missouri 

Montana 


946 
5,568 
3,819 


10,949 
13,435 
11,362 


6;8i4 
6,958 


299.7 
763.7 
258.9 


I'M 

4,803 


1,804 
2,510 
2,893 


132.7 

153.1 

96.I 


71'* 
128 


10,932 

22,921 

?.  525 


520.1 
336.4 
248.4 


216 

016 


36,325 
32,245 
19.376 


952.5 

1,253.2 

603.4 


6,228 
2,    )4 

2,727 


r.2,629 
5,1*85 
1,780 


11,763 
4,590 


682.6 
80.6 
10.1 


4,306 
457 

1,  i84 


2,371 

3&3 

537_ 


104.8 

15.1 

3.6 


62 
.07 
272 


4,872 
3,987 
2,254 


227.5 
101.7 
25.2 


497 
749 
136 


19,006 
8,960 
3,681 


1,014.9 

197.4 

38.9 


I  Jersey 
1  Mexico 
1  York 


2,779 
13,584 


I'M 

54,812 


2,859 

7?4 

29,1"*1 


56.2 

38.2 

100.8 


1,834 

2,163 

48,079 


877 

1,374 

23,530 


5.1 
45.9 
19.5 


30 
14? 


651 
443 

-2  I 


14,654 

5,911 

66,016 


24.9 
204.8 
386.5 


38 
12 

244 


254 
890 
716 


18,390 

8,079 

118; 687 


36.2 

;■■:■.  ■ 
506.6 


North  Carolina 
North  Dakota 
Ohio 


2.605 


1  V-r 
3>i9 

21.678 


?#? 


330.2 

504.8 
125.2 


3'tS 

12,758 


1,609 

394 
6,506 


32,4. 


91fc 


14, 181 

3,371 

36,196 


w. 


11c 


5r-8 

244 

352_ 


25,133 

5  '282 
50,592 


m 

251.5 


Oklahoma 

Oregon 

Pennsylvan 


Rhode  Island 
South  Carolina 
South  Dakota 


4,402 

813 

3,591 


ik>m 
13,^25 


# 


957 


2,565 
6,495 

464 


2>56§ 
10,537 

5.178 


"'III 
5,^79 


19! 


9 
e.5 
4.1 


2l*.96! 


12.183 


87.7 
55.9 
44.0 


~a 


I89 
384 


38^923 


187.7 
134.8 

156.1 


J-il 


III 
724_ 


10,249 
2,266 
1.749 


1,384 
5,879 
3.060 


5,102 

1,183 
1,350 


201.5 
305.2 


297.0 
20.4 
27.0 


2,005 
1,760 


m 


8,047 
12,968 
1,325 


4,037 
6,592 

353 


105.8 

70.7 


w 

6  6 


192.7 

355.8 

22.1 


074 
420 
822 


^,896 
6,673 


13,187 
28,525 

__6J6_2_ 


24.6 
262.4 

317^2 


225.8 

844.3 
121.9 


673 
977 
544 


370 
654 


18,922 

7,791 

56.585 


6,333 

13,529 

7,737 


22,326 
36,300 

9,112 


U71.3 

197.2 

204.2 


Washington 

West  Virginin 

Wisconsin 

Wyoming 


^1 

flgn 


District  of  Columbii 
Puerto  Rico 


3,360 
2,075 

_,!t29_ 

645 
3,467 


3,216 
8,594 
7,746 


1,727 
3,787 
4,094 


33.5 
109.9 
128.6 


I 


,445 
'M 

£05 


296 

5,985 

1,480 


148 

2,663 

823- 


5. 3 
88.0 
16.6 


048 
853 
325- 


3,067 

12,966 

9,128 


27.4 
165.2 
.1.12.2 


56O 
432 
553- 


3,054 

7j488 

10,561 


SJ'J 


4,865 


59.1 
130.2 

IP. 6 


4.8 

5.5 

51.9 


4,877 
3^521 
1,031 


I'M 

666 


343 
115 
617 


169 

58 

234 


3.0 


683 

153- 


5,3^1 


5,779 
6,167 


46.7 
169.6 
127.2 


005 

§3° 
82S_ 


12.3 

2.2 

40.1 


215 
141 

117 


4,942 
19,416 
14,045 


11,582 
'  562 


6,350 

9,341 

11.286 


66.4 
363.1 
257.4 


109 

3 


Zji 


20.1 
8.5 

94.1 


164,421 


494,070        255,844 


8,862.3 


270,829 


138,063 


3,346.7 


1,251,527 


627,231 


10,236.3    2,016,426 


1,021,138 


22,445.3 


•b 
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